Characterization of Solid Matrices for Solidification/Stabilization of Hazardous Wastes Using Solid State Nuclear Magnetic Resonance Spectroscopy and Other Analytical Techniques. by Akhter, Humayoun
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1990
Characterization of Solid Matrices for
Solidification/Stabilization of Hazardous Wastes
Using Solid State Nuclear Magnetic Resonance
Spectroscopy and Other Analytical Techniques.
Humayoun Akhter
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Akhter, Humayoun, "Characterization of Solid Matrices for Solidification/Stabilization of Hazardous Wastes Using Solid State Nuclear
Magnetic Resonance Spectroscopy and Other Analytical Techniques." (1990). LSU Historical Dissertations and Theses. 5031.
https://digitalcommons.lsu.edu/gradschool_disstheses/5031
IN F O R M A T IO N  T O  U S E R S
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UM I a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion.
Oversize m aterials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order.
Universi ty  Microfilms In te rn a t io n a l  
A Bell & Howell In form at ion  C o m p a n y  
3 0 0  N o r th  Z e e b  R o a d .  A nn  Arbor. Ml 4 8 1 0 6 - 1 3 4 6  USA 
3 1 3 . 7 6 1 - 4 7 0 0  8 0 0  5 2 1 - 0 6 0 0

Order Number 9123174
C h a ra c te r iz a tio n  o f solid  m a trice s  fo r so lid if ic a tio n /s ta b iliza tio n  
o f  h a z a rd o u s  w a ste s  u s in g  solid s ta te  n u c le a r m ag n e tic  reso n an ce  
sp ec tro sco p y  a n d  o th e r  a n a ly tic a l techn iques
Akhter, Humayoun, Ph.D.
The Louisiana State University and Agricultural and Mechanical Col., 1990
U M I
300 N. Zeeb Rd.
Ann Arbor, MI 48106

N O T E  T O  U S E R S
THE ORIGINAL DOCUMENT RECEIVED BY U.M.I. CONTAINED PAGES 
WITH SLANTED AND POOR PRINT. PAGES WERE FILMED AS RECEIVED.
THIS REPRODUCTION IS THE BEST AVAILABLE COPY.

CHARACTERIZATION OF SOLID MATRICES FOR 
SOLIDIFICATION/STABILIZATION OF HAZARDOUS WASTES USING 
SOLID-STATE NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 
AND OTHER ANALYTICAL TECHNIQUES
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy
in
The Department of Chemistry
by
Humayoun Akhter 
M.S., The Punjab University, Lahore, Pakistan, 1973 
December 1990
ACKNOWLEDGEMENTS
I begin with the name of God, the beneficent and the merciful.
I would like to thank Professor Frank K. Cartledge, my research advisor, for the 
time he dedicated in developing my scientific carrier along my graduate years, for 
his great ideas and suggestions that highlighted my research projects, and for his 
encouragem ent and motivation to develop and pursue my own ideas. I am especially 
thankful to Dr. Leslie G. Butler, w hose constant support, valuable help and patience 
in teaching me a  great deal about solid-state NMR will always be remembered by me.
I especially thank M arcus Nauman and Dr. David V argas for their help in 
performing solid-state NMR experiments. It was a pleasure for me to work with a 
number of colleagues at LSD. Dr. Margo A. Jackisch deserves very special thanks 
for her valuable friendship.
I would like to express my appreciation to Louisiana S tate  University for the 
financial support rendered,to  me as  a graduate assistant and to the LSU Hazardous 
W aste Research Center for funding this research.
Finally, I would like to extend this acknowledgement to all the members of my 
family. I found inspiration and support from my father, mother and beloved brother 
whose invaluable advice always gives me the courage to encounter the challenges in 
life.
Extremely admirable are the patience and endurance exercized by my wife, 
Shahida and my children: Ali, Sumnble, Sana, Umar and Sadia during my pursuit of 
this degree. My in-laws deserve special thanks for their constant encouragem ent. 
Mr. Ahmed H asney is one of the personalities who played a key role in the 
development of my personality from the very beginning of my life, and I have best 








DEDICATION i i i
TABLE OF CONTENTS i v
LIST OF TABLES i x
LIST OF FIGURES x ii
ABSTRACT x v iii
CHAPTER 1. INTRODUCTION 1
1.1. Hazardous Waste and EPA 1
1.2. W aste Treatment Processes 1
1 .3 . Characterization of Solidified W astes 4
1.4. The Present Study 5
CHAPTER 2. CHEMISTRY OF CEMENT HYDRATION AND THE
INFLUENCE OF WASTE ADDITION ON IT 9
2 .1 . Cement Composition 9
2 .2 . Cement Hydration 1 0
2 .2 .1 . Cement Hydration Periods 11
2 .3 . Cem ent Hydration and Solidification/Stabilization
( S /S )  15
2 .4 . The Use of 27AI and 29Si MAS (Magic Angle Spinning)
NMR 19
CHAPTER 3. MECHANISM OF INTERACTION BETWEEN ORGANIC
WASTES AND HYDRATING CEMENT COMPONENTS 
IN S/S PROCESSES 2 3
3 .1 . Background of Interaction Between Organics and
Hydrating Components of Cement 2 3
3 .2 . Ethylene Glycol and Cement Hydration 2 4
3 .3 . Phenols and Cement Hydration 2 5
CHAPTER 4. EFFECT OF ACIDITY OF THE MEDIUM ON LEACHING 2 7
4 .1 . Factors Controlling Leaching of Metals 2 7
iv
4 .2 . Effect of pH on Fly Ash Type C and Type F 2 8
4 .3 . Effect of pH on Soil Leaching 3 0
CHAPTERS. A BRIEF REVIEW OF THE USE OF 27AI AND
29Si MAS NMR TO FOLLOW CEMENT HYDRATION 3 2
5 .1 . 29Si MAS NMR 3 2
5 .2 . Superiority of 29Si MAS NMR Over XRD 3 3
5 .3 . 27AI MAS NMR and Zeolites 3 4
5 .3 .1 . 27AI MAS NMR and Quantitation 3 4
5 .3 .2 . Quadrupolar Nuclei and MAS NMR 3 5
5 .4 . Cross-Polarization MAS (CPMAS) 3 7
5 .4 .1 . 29Si CPMAS 4 0
CHAPTER 6. MATERIALS AND METHODS 41
6 .1 . Types of W astes Used for S/S 41
6 .2 . Types and Sources of The Cements Used for S/S 41
6 .3 . Types of Additives Used for S/S 4 3
6 .3 .1 . Properties of Cem ents and Additives Used 4 3
6 .4 . Sam ple Preparation 4 8
6 .5 . TCLP Analysis 4 9
6 .6 . pH 5 Leaching 4 9
6 .7 . Metal Analysis 5 0
6 .8 . G as Chromatographic Analysis 5 2
6 .9 . Solid-State MAS NMR Spectroscopy 5 2
6 .1 0 . Preparation of Calcium Salts of Phenols 5 5
CHAPTER 7. RESULTS AND DISCUSSION 5 6
7 .1 . 27AI and 29Si MAS NMR of Cement Clinkers 5 6
7 .2 . Analysis of 27AI and 29Si MAS NMR Spectroscopic
Data 5 8
7 .3 . Hydration of OPC (Portland Cement Type 1) 6 7
7 .4 . Effects of W aste Addition on Cement Hydration 71
7 .5 . OPC + 10% and 30% Pb(NOg)2 7 2






7 .1 0 .
7 .1 1 .
7 .1 2 .
8 . 1 .
8 .2 .









1 0 . 1 .
10 . 2 .
10 .3 .
10 .4 .
1 1 . 1 . 
1 1 . 2 .
1 1 .3 .
1 1 .4 .
CHAPTER 12.
CHAPTER 13.
OPC + 10% Pb(OH)2 and 5% Na2SiOg 
OPC + 10% Pb(OH)2 and 10% pCP 
OPC + 10% Pb(OH)2 and 10% pBP 
OPC + 10% As(lll)
OPC + 10% Cr(VI)
OPC + Different Concentrations c , and C f 
HYDRATION OF OPC + FLY ASH TYPE F (1:1) 
OPC + Fly Ash (1:1)
OPC + Fly Ash + 10% As(lll)
OPC + Fly Ash + 10% As(lll), Extended Study 
OPC + Fly Ash + 10% Pb(ll)
OPC + Fly Ash + 10% Cr(VI)
OPC + Fly Ash + 10% As(V), Extended Study 
LONG TERM OPC HYDRATION CONTAINING 
DIFFERENT WASTES 
OPC Containing W astes
29Si MAS and 29Si CPMAS NMR, Comparison of 
Results
HYDRATION OF OPC + Na2SiOg
OPC + NagSiOg
OPC + Na2SiOg + 10% As(lll)
OPC + Na2S i0 3 + 10% Pb(ll)
OPC + N a2S i0 3 + 10% Cr(VI)
HYDRATION OF OPC + Si02 
OPC + SiOg
OPC + S i0 2 + 10% As(lll)
OPC + S i0 2 + 10% Pb(ll)
OPC + S i0 2 + 10% Cr(VI)
HYDRATION OF OPC + ORGANOCLAY AND OPC + 
BENTONITE CONTAINING As(lll), Pb(ll) and Cr(VI) 
13C CPMAS STUDIES OF PHENOLS SOLIDIFIED IN
7 7  
8 2  
8 3  
88 
88  






1 0 3  
1 04
1 1 7  
1 1 7














OPC 1 5 4
CHAPTER 14. HYDRATION OF LUMNITE AND REFCON CEMENTS 1 5 9
1 4 .1 . Lumnite Cement 1 5 9
1 4 .2 . Lumnite + 10% As(lll) 1 5 9
1 4 .3 . Lumnite + 10% Pb(ll) 1 6 0
1 4 .4 . Lumnite + 10% Cr(VI) 161
1 4 .5 . Refcon Cement 1 61
1 4 .6 . Refcon Cem ent + 10% As(lll) 1 6 2
1 4 .7 . Refcon Cem ent + 10% Pb(ll) 1 6 2
1 4 .8 . Refcon Cem ent + 10% Cr(VI) 1 6 3
CHAPTER 15. HYDRATION OF WHITE CEMENT 1 7 3
1 5 .1 . White Cement 1 7 3
1 5 .2 . White + 10% As(lll) 1 7 3
1 5 .3 . White + 10% Pb(ll) 1 7 4
1 5 .4 . White + 10% Cr(VI) 1 7 4
CHAPTER 16. HYDRATION OF PORTLAND TYPE 1A CEMENT 1 81
1 6 .1 . Portland Cement Type 1A 181
1 6 .2 . 1A + 10% As(lll) 181
1 6 .3 . 1A + 10% Pb(ll) 1 8 2
1 6 .4 . 1A + 10% Cr(VI) 1 8 3
CHAPTER 17. HYDRATION OF PORTLAND CEMENT WITH NO
ADDED GYPSUM 1 8 9
1 7 .1 . Portland Cement with no Added Gypsum 1 8 9
1 7 .2 . Portland Cem ent with no Added Gypsum + 10% As(lll) 1 9 0
1 7 .3 . Portland Cem ent with no Added Gypsum + 10% Pb(ll) 191
1 7 .4 . Portland Cement with no Added Gypsum + 10% Cr(VI) 1 9 2
CHAPTER 18. HYDRATION OF DIFFERENT CEMENTS IN PRESENCE
OF As(lll), Pb(ll) AND Cr(VI) ADDED TOGETHER 1 9 8
CHAPTER 19. HYDRATION OF PYRAMENT CEMENT CONTAINING
10% As(lll), Pb(ll) AND Cr(VI) 2 0 4
CHAPTER 20. 27AI AND 29Si NMR STUDIES OF RESIDUES OF
vii
TCLP AND pH 5 LEACHINGS 2 0 7
2 0 .1 . OPC Leaching in Different Media 2 0 7
2 0 .2 . OPC + 10% Phenol, pBP and pCP 2 0 8
2 0 .3 . OPC + Phenols in P resence of Pb(ll) and Cd(ll) 2 0 9
2 0 .4 . OPC + 10% As(lll), As(V), Cr(lll), Cr(VI) and
Pb( l l )  2 1 2
CHAPTER 21. LEACHING EFFECTS ON SILICATE POLYMERIZATION -
AN FTIR AND 29Si MAS NMR STUDY OF LEAD 
AND ZINC IN OPC 2 2  7
CHAPTER 22. CONCLUSIONS AND RECOMMENDATIONS 2 4  0
BIBUOGRAPHY 2 4 6
APPENDIX 2 5  7

























29Si Chemical Shift Ranges in Solid Silicates 
Silicate FTIR Spectral Data for OPC-Pb and OPC-Zn 
Metal Concentrations in Fly Ash Leachate
29Si NMR Chemical Shifts and Assignments for OPC-Zn and OPC-Pb
Chemical Composition of Various Cem ents Used in the Present Study
ICAP Detection Limits and Linear Range
ICAP Percent Variations
27AI and 29Si NMR Data -  OPC Hydration
27AI and 29Si NMR Data -  OPC + 10% Pb(N03 )2
27AI and 29Si NMR Data -  OPC + 30% Pb(N03 )2
27AI and 29Si NMR Data -  OPC + 30% Pb(OH)2
27Al and 29Si NMR Data -  OPC + 10% Pb(OH)2 + 10% pBP
27AI and 29Si NMR Data -  OPC + 30% Pb(OH)2 + 10% pCP
27AI and 29Si NMR Data -  OPC + 10% Pb(OH)2 + 5% Na2 SiOg
27AI and 29Si NMR Data -  OPC + 10% As(lll)
27Al and 29Si NMR Data -  OPC + 10% Cr(VI)
27AI and 29Si NMR Data -  OPC + Fly Ash (1:1)
27AI and 29Si NMR Data -  OPC + Fly Ash (1:1) + 10% As(lll)
27AI and 29Si NMR Data -  OPC + Fly Ash (1:1) + 10% Pb(ll)
27AI and 29Si NMR Data -  OPC + Fly Ash (1:1) + 10% Cr(VI)
27Al and 29Si NMR Data -  OPC + 5% Na2S i0 3
























27 Al and 29Si NMR Data -  OPC + 5% Na2 S i0 3 + 10% Pb(ll)
27Al and 29Si NMR Data -  OPC + 5% NagSiOg + 10% Cr(VI)
27AI NMR Data -  Lumnite and Lumnite + 10 % As(lll)
27AI NMR Data -  Lumnite + 10 % Pb(ll) and Lumnite + 10% Cr(VI)
27AI NMR Data -  Refcon and Refcon + 10% As(lll)
27AI NMR Data -  Refcon + 10 % Pb(ll) and Refcon + 10% Cr(VI)
27AI and 29Si NMR Data -  White Cement
27AI and 29Si NMR Data -  White Cement + 10% As(lll)
27AI and 29Si NMR Data -  White Cem ent + 10% Pb(ll)
27Al and 29Si NMR Data -  White Cement + 10% Cr(VI)
27AI and 29Si NMR Data -  Portland Type 1A
27AI and 29Si NMR Data -  Portland Type 1A + 10% As(lll)
27AI and 29Si NMR Data -  Portland Type 1A + 10% Pb(ll)
27AI and 29Si NMR Data -  Portland Type 1A + 10% Cr(VI)
27AI and 29Si NMR Data -  OPC no Added Gypsum
27Ai and 29Si NMR Data -  OPC no Added Gypsum + 10% As(lll)
27AI and 29Si NMR Data -  OPC no Added Gypsum + 10% Pb(ll)
27Al and 29Si NMR Data -  OPC no Added Gypsum + 10% Cr(VI)
27AI and 29Si NMR Data -  28 Days Different Cem ents Containing 
10% of each  As(lll), Pb(ll) and Cr(VI)
27AI and 29Si NMR Data -  28 Days Pyrament Cement and Pyrament 
Containing 10% As(lll), Pb(ll) and Cr(VI)
27AI and 29Si NMR Data -  28 Days OPC Unleached, TCLP and pH 5 Leached 
27AI and 29Si NMR Data -  7 Days OPC Containing Phenol, pBP and pCP
x
4 3 . 27AI and 29Si NMR Data -  28 Days OPC Containing Phenol, Phenol + Pb(N 03)2 ,
Phenol + Cd(N03 )2 , Ethylene Glycol 2 9 5
4 4 . 27AI and 29Si NMR Data -  TCLP Residues of 28 Days OPC Containing Phenol,
Phenol + Pb(N 03 )2 , Phenol + Cd(N 03)2 , Ethylene Glycol 2 9 6
4 5 . 27AI and 29Si NMR Data -  pH 5 Leaching Residues of 28 Days OPC Containing
Phenol, Phenol + Pb(N 03 )2 , Phenol + Cd(NOg )2 , Ethylene Glycol 2 9 7
45A. TCLP and pH 5 Leachate Concentrations for 28 Days OPC Containing Phenol,
Phenol + Pb(N 03 )2 , Phenol + C d(N 03)2 , Ethylene Glycol 2 9 8
4 6 . 27AI and 29Si NMR Data -  28 Days OPC Containing pBP, pBP + Na2S i0 3 ,
pBP + Pb(NOg)2 , pBP + Pb(OH)2 , pBP + Cd(N 03 )2 , pBP + Cd(OH)2 2 9 9
4 7 . 27AI and 29Si NMR Data -  TCLP Residues of 28 Days OPC Containing pBP,
pBP + Na2 S i0 3 , pBP + Pb(N 03)2 , pBP + Pb(OH)2 , pBP + Cd(N 03)2 ,
pBP + Cd(OH)2 3 0 0
4 8 . 27AI and 29Si NMR Data -  TCLP and Unleached 4 Months OPC
Containing pBP + Pb(OH)2 301
48A. TCLP and pH 5 Leachate Concentrations from 28 Days OPC Containing pBP,
pBP + Na2 S i0 3 , pBP + Pb(N 03 )2 , pBP + Pb(OH)2 , pBP + Cd(N 03 )2 ,
pBP + Cd(OH)2 3 0 2
4 9 . 27AI and 29Si NMR Data -  28 Days OPC Containing 10% As(lll),
As(V), Cr(lll), Cr(VI) and  Pb(ll) 3 0 3
5 0 . 27AI and 29Si NMR Data -  TCLP Residue of 28 Days OPC Containing 10%
As(lll), As(V), Cr(lll), Cr(VI) and  Pb(ll) 3 0 4
5 1 . 27AI and 29Si NMR Data -  pH 5 Leached Residue of 28 Days OPC
Containing 10% As(lll), As(V), Cr(lll), Cr(VI) and Pb(ll) 3 0 5
xi
LIST OF FIGURES
1. Magnatization transfer sequence in cross-polarization experiment 3 8
p q
1 a. M Si NMR spectra for 28 days, unleached, TCLP leached, and pH 5 leached
OPC containing Pb(ll) 2 3 2
27
2 . Al NMR spectra and data -  various cem ent clinkers and additives 6 0
pQ
2a. *Si NMR spectra for 5 months and 14 months unleached and pH 5 leached
OPC containing Zn(i!) 2 3 3
293 . Si NMR spectra and data -  various cem ent clinkers and additives 6 2
O Q
3A. t;7Si NMR1 simulated spectrum and curve fitting display 6 4
273B. Al NMR1 simulated spectrum  and curve fitting display 6 5
3C. 27AI spectra at 6.5 KHz and 10 KHz spin rate 6 6
4 . 27AI and 29Si NMR spectra -  OPC hydration 7 0
4A. 27AI and 29Si NMR data  plots -  OPC containing 10% Pb(NOg)2
and 30% Pb(N 03 )2 7 4
5 . 27AI and 29Si NMR spectra -  OPC + 10% Pb(NOg)2 7 5
6 . 27AI and 29Si NMR spectra -  OPC + 30% Pb(NOg)2 7 6
7. 27AI and 29Si NMR spectra -  OPC + 30% Pb(OH)2 7 9
7A. 27AI and 29S'i NMR data plots -  OPC containing 30% Pb(NOg)2
and 10% Pb(NOg)2 + 5% Na2SiOg 8 0
8 . 27AI and 2 9 Si NMR spectra -  OPC + 10% Pb(OH)2 + 5% Na2SiOg 8 1
9 . 27AI and 29Si NMR spectra -  OPC + 10% Pb(OH)2 + 10% pCP 8 5
9A. 27AI and 29Si NMR data plots -  OPC containing 10% Pb(OH)2 + 10% pBP
xii
10. 27ai and 29
11 . 27ai and 29
11 A. 27ai and 29l
and 10% Pb(OH)2 + 10% pCP 8 6
vJMR spectra -  OPC + 10% Pb(OH)2 + 10% pBP 8 7
vJMR spectra -  OPC + 10% As(lll) 9 0
or 10% Pb(ll) or 10% Cr(VI) 91
12. 27AI and 29Si NMR data  plots -  OPC containing 10% Cr(VI) 9 2
13. 29Si NMR spectra and NMR data -  3 days OPC containing different 
concentrations o . , 9 5
13A. Plots of OPC com pressive strengths vs. various concentrations o , 9 6
pq
13B. Si NMR data plots -  OPC containing different concentrations c 9 7
14. 29Si NMR spectra and NMR data -  28 days OPC containing different 
concentrations of Ni(ll) 9 8
15.
PQ
Si NMR spectra and NMR data -  28 days OPC containing different
concentrations of Cl' 9 9
16. 27AI and 29Si NMR spectra -  OPC + fly ash  (1:1) hydration 1 0 5
16A. 27AI and 29Si NMR data plots -  OPC + fly ash (1:1) containing
10% As(lll) or Pb(ll) or Cr(VI) 1 06
17. 27AI and 2 9 Si NMR spectra -  OPC + fly ash  (1:1) + 10% As(lll) 1 0 7
18 . 27AI and 2 9 Si NMR spectra -  OPC + fly ash  (1:1) + 10% Pb(ll) 1 0 8
19 . 27AI and 2 9 Si NMR spectra -  OPC + fly ash (1:1) + 10% Cr(VI) 1 09
2 0 . 27AI NMR spectra and data -  OPC + fly ash (1:1) + 10% As(lll),
extended study 1 1 0
20A. 2 7 AI and 2 9 Si NMR data  plots for OPC + fly ash (1:1) + 10 % As(lll),





2 1 . 29Si NMR spectra and data -  OPC + fly ash (1:1) + 10% As(lll),
extended study 1 1 2
2 2 . 27AI NMR spectra and data -  OPC + fly ash (1:1) + 10% As(V),
extended study 1 1 3
22A. 27AI and 29Si NMR data plots -  OPC + fly ash (1:1) + 10% As(V),
extended study 1 1 4
23 . 29Si NMR spectra and data  -  OPC + fly ash (1:1) + 10% As(V),
extended study 1 1 5
2 4 . 27AI and 29Si NMR spectra and data -  4 months OPC + fly ash (1:1) 1 1 6
25A.
p q
Si NMR spectra and data -  1 and 2 year OPC containing diferent w astes 121
25B.
p q
Si NMR spectra and data -  1 and 2 y OPC containing diferent w astes • 1 2 2
25C.
p q
*Si NMR spectra and data -  1 and 2 y OPC containing diferent w astes 1 2 3
26 . 29Si MAS and CPMAS spectra and data -1  2 y OPC containing
diferent w astes 1 2 4
27 . 27AI and 29Si NMR spectra -  OPC + 5% Na2 SiOg 1 2 9
28 . 27Al and 29Si NMR spectra -  OPC + 5% Na2S i0 3 + 10% As(lll) 1 3 0
2 9 . 27AI and 29Si NMR spectra -  OPC + 5% Na2SiOg + 10% Pb(ll) 131
3 0 . 27AI and 29Si NMR spectra -  OPC + 5% Na2SiOg + 10% Cr(VI) 1 3 2
31 . 27AI and 29Si NMR data plots -  OPC + 5% Na2SiOg containing 10%
As(lll) or Pb(ll) or Cr(VI) 1 3 3
3 2 . 27AI NMR spectra and data -  OPC + 10% silica fume 1 3 8
3 3 .
p q
Si NMR spectra and data -  OPC + 10% silica fume 1 3 9
3 4 . 27AI NMR spectra and data -  OPC + 10% silica fume + 10% As(lll) 1 4 0
xiv
35 . 29Si NMR spectra and data  -  OPC + 10% silica fume + 10% As(lll) 141
3 6 . 27A! NMR spectra and data -  OPC + 10% silica fume + 10% Pb(ll) 1 4 2
3 7 . 29Si NMR spectra and data  -  OPC + 10% silica fume + 10% Pb(ll) 1 4 3
3 8 . 27AI NMR spectra and data -  OPC + 10% silica fume + 10% Cr(VI) 1 4 4
3 9 . 29Si NMR spectra and data -  OPC + 10% silica fume + 10% Cr(VI) 1 4 5
4 0 . 27AI and 29Si NMR data plots -  OPC + 10% silica fume containing
10% As(lll) or Pb(ll) or Cr(VI) 1 4 6
41 . 27Al NMR spectra and data -  OPC + 10% organoclay containing
10% As(lll) or Pb(ll) or Cr(VI) 1 5 0
42 .
pq
*Si NMR spectra and data -  OPC + 10% organoclay containing
10% As(lll) or Pb(ll) or Cr(VI) 151
43 . 27AI NMR spectra and data -  OPC + 10% bentonite containing
10% As(lll) or Pb(ll) or Cr(VI) 1 5 2
44 . 29Si NMR spectra and data -  OPC + 10% bentonite containing
10% As(lll) or Pb(ll) or Cr(VI) 1 5 3
4 5 . 12C CPMAS NMR spectra -  phenols and their calcium salts 1 5 7
46 . 12C CPMAS NMR spectra -  OPC containing phenols 1 5 8
47 . 27 Al NMR spectra -  Lumnite and Lumnite containing 10% As(lll) 1 6 5
48 . 27AI NMR spectra -  Lumnite + Pb(ll) and Lumnite + 10% Cr(VI) 1 6 6
48A. 2 9 Si NMR spectra  -  Lumnite containing 10% As(lll) or Pb(ll) or Cr(VI) 1 6 7
48B. 27AI NMR data plots -  Lumnite containing 10% As(lll) or Pb(ll) or Cr(VI) 1 6 8
49 . 27 Al NMR spectra -  Refcon and Refcon containing 10% As(lll) 1 6 9
50 . 27AI NMR spectra -  Refcon + Pb(ll) and Refcon + 10% Cr(VI) 1 7 0
50A. 29 Si NMR spectra -  Refcon containing 10% As(lll) or Pb(ll) or Cr(VI) 1 7 1
50B. 27AI NMR data plots -  Refcon containing 10% As(lll) or Pb(ll) or Cr(VI)
XV
1 7 2
5 1 . 97 9QAl and Si NMR spectra -  white cement 1 7 6
52 . 27AI and 2 9 Si NMR spectra -  white cem ent + 10% As(lll) 1 7 7
5 3 . 27AI and 29Si NMR spectra -  white cem ent + 10% Pb(ll) 1 7 8
5 4 . 27AI and 29Si NMR spectra -  white cem ent + 10% Cr(VI) 1 79
54A. 97 9QAl and Si NMR data plots -  white cem ent containing
10% As(lll) or Pb(ll) or Cr(VI) 1 8 0
5 5 . 27AI and 29Si NMR spectra -  Portland type 1A cem ent 1 84
56 . 27AI and 29Si NMR spectra -  Portland type 1A + 10% As(lll) 1 85
5 7 . 27AI and 2 9 Si NMR spectra -  Portland type 1A + 10% Pb(ll) 1 86
58 . 27AI and 29Si NMR spectra -  Portland type 1A + 10% Cr(VI) 1 8 7
58A. 97 9QAl and Si NMR data plots -  Portland type 1A containing
10% As(lll) or Pb(ll) or Cr(VI) 1 88
59 . 97 9QAl and Si NMR spectra -  OPC containing no added gypsum 1 89
6 0 . 27AI and 29Si NMR spectra -  OPC no added gypsum + 10% As(lll) 1 90
61 . 27AI and 29Si NMR spectra -  OPC no added gypsum + 10% Pb(ll) 191
62 . 27AI and 29Si NMR spectra -  OPC no added gypsum + 10% Cr(VI) 1 92
62A. 97 9QAl and Si NMR data plots -  OPC no added gypsum containing
10% As(lll) or Pb(ll) or Cr(VI) 1 9 2
63 . 97 9QAl and Si NMR spectra -  28 days different cem ents containing
mixture of 10% As(lll), Pb(ll) and Cr(Vl) 2 0 3
64 . 97 9QAl and C3Si NMR spectra -  28 days Pyrament cem ent containing
10% As(lll) or Pb(ll) or Cr(VI) 2 0 6
6 5 . 27AI and 29Si NMR spectra -  28 days OPC unleached, TCLP leached,
deionized water leached and pH 5 leached
xvi
2 1 6
6 6 . 27AI and 29Si NMR spectra -  28 days OPC containing phenol, pBP and pCP 21 7
6 7 . 27AI and 29Si NMR spectra -  28 days OPC containing phenol,
phenol + Pb(N 03)2 , phenol + Cd(N03)2 , ethylene glycol 2 1 8
6 8 . 27AI and 29Si NMR spectra -  TCLP residues of 28 days OPC containing phenol, 
phenol + Pb(N 03 )2 , phenol + Cd(N 03 )2 , ethylene glycol 2 1 9
6 9 . 27AI NMR spectra -  pH 5 leached 28 days OPC containing phenol,
phenol + Pb(N 03 )2 , phenol + Cd(N03 )2 , ethylene glycol 2 2 0
70 . 27AI and 29Si NMR spectra -  28 days OPC containing pBP, pBP + Na2SiOg, 
pBp + Pb(N 03 )2 , + pBP + Pb(OH)2 , pBP + Cd(NOg)2 and pBP +
Cd(OH)2 221
7 1 . 27AI and 29Si NMR spectra -  TCLP residue of 28 days OPC containing 
pBP, pBP + Na2 S i0 3 , pBp + Pb(N 03)2 , + pBP + Pb(OH)2 , pBP +
Cd(N03)2and pBP + Cd(OH)2 . 2 2 2
7 2 . 27AI and 29Si NMR spectra -  unleached and TCLP residue of 4 months
OPC + Pb(OH)2 + pBP 2 2 3
7 3 . 27AI and 29Si NMR spectra -  unleached 28 days OPC containing As(lll),
As(V), Cr(lll), Cr(VI) and  Pb(ll) 2 2 4
7 4 . 27AI and 29Si NMR spectra -  TCLP residues of 28 days OPC containing
As(lll), As(V), Cr(lll), Cr(VI) and Pb(ll) 2 2 5
07 pQ
7 5 . Al and Si NMR spectra -  pH 5 leached residues of 28 days OPC 
containing As(lll), As(V), Cr(lll), Cr(VI) and Pb(ll) 2 2 6
xvii
ABSTRACT
Solidification/stabilization (S/S) is a  valuable technology for the treatm ent of 
certain w aste stream s, e.g., metal plating w astes, incinerator ashes, etc., and has 
great potential for use in treatm ent of contam inated soils. Although this technology 
is relatively cheap, significant questions remain about the range of its applicability. 
Cem ent chemistry is very complex and poorly understood, and the possibility that 
contam inants could adversely affect the durability and permeability of the matrix is 
very real. The broad aims of the present studies are to survey S/S binding agents 
and additives with respect to their abilities to immobilize As, Cr, Pb, and phenols, 
the w astes which are known to give problem s in S /S  practice. A basic piece of 
information obtained in this study is the w aste concentration in leachates using the 
Toxicity C haracteristic  Leaching P rocedure carried  out on solidified sam p les 
prepared with cementitious and pozzolanic binders and a variety of additives. These 
data show the general effectiveness of cem ent in binding certain metals, and also that 
certain deficiencies of cem ent can be corrected using additives. The second goal of the 
present study w as to understand the interactions between w aste and matrix with the 
eventual intention of predicting perform ance and designing effective mixes. Solid- 
state  NMR has been extensively used to follow the profound changes in both the 
aluminate and silicate com ponents of the cem ent matrix brought about by the addition 
of w aste to cem ent. T hese matrix effects are correlated with leachability.
The w astes exhibit a variety of influences upon cem ent hydration and the leaching 
behavior depending upon their chemical nature. Similarly the sam e w aste shows 
marked differences toward the hydration of different cem ents.
xviii
Addition of fly ash  to OPC cau ses  reversal of aluminate hydration, and silicate 
depolymerization occurs after initial polymerization. NMR studies of sam ples cured 
at least 1 year showed that the nature of added w aste becom es almost irrelevant with 
respect to percent hydration over very longer periods of time.
Solid residues after leaching w ere also investigated by NMR. The cem ent 





1.1. Hazardous Waste and EPA
According to the Environm ental Protection Agency’s la test figures, 19,762 
industrial plants released 4.57 billion lb of toxic chem icals into the environment in 
1988 in the U.S.A. (1).
The first federal law that specifically regulated the disposal and m anagem ent of 
hazardous waste, the 1976 Resource Conservation & Recovery Act (RCRA), set tough 
requirem ents for landfills and required com panies to track carefully the disposal of 
their w astes. Then cam e the 1980 Superfund law that provided for clean-up  of the 
old hazardous w aste disposal sites. Extension to these two laws over the past decade 
has resulted in a situation where almost every material that leaves a  chemical plant 
and is not a  product com es under hazardous waste law. These regulations have forced 
industry to look at various alternatives for the disposal of hazardous w astes. One 
method for the disposal of hazardous w astes is to utilize a  technique known as  
solidification/stabilization (S /S ).
1.2. Waste Treatment Processes
W aste treatment by S/S processes can be traced back to the disposal of low level 
radioactive w astes in the 1950s (56). The goal of these  p rocesses was limited to 
solidifying the liquid w aste in a form more suitable for transportation and land
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disposal. Solidification refers to disposal techniques that can encapsulate w astes into 
a  solid, often cementitious, matrix. The term stabilization often implies chemical as 
well a s  physical binding of the w aste with a  solidification agent (2).
T ogether S /S  trea tm en t sy stem s: (a) im prove handling and  physical 
characteristics of the w aste; (b) decrease  the surface area across which transfer or 
loss of contained pollutants can occur; and (c) limit the solubility of or detoxify 
constituents contained in the w aste. A hazardous w aste can possibly be treated by 
this process in such a m anner that it becom es non-hazardous. A w aste becom es 
non-hazardous if its toxicity, as  determined by an extraction test in accordance with 
specific EPA regulations, m eets certain standards. These initial standards were such 
that the concentration of specified contaminants in the leachate could not exceed 100 
times the EPA's drinking w ater regulations (3), but a  num ber of refinements and 
extensions of the regulations have appeared which further narrow these limits.
Solidification p ro c e sse s  u sed  for w aste  d isposal include: c e m e n t-b a se d  
techniques; lim e-based techniques; thermoplastic techniques (bitumen, paraffin, and 
polyethylene); o rganic polym ers; en capsu la tion  (m icroencapsu la tion -coa ting  
discrete grains with nonreactive impermeable material, m acroencapsulation-coating 
blocks of w aste with nonreactive impermeable material); self-cem enting (pozzolan) 
techniques; and glassification (4, 68). In cem ent-based techniques, mainly Portland 
cem ent type 1 has been used (56). These p rocesses vary in their applicability to 
certain w aste types, but most are suitable only for primarily inorganic w astes. The 
m ore commonly u sed  fixation p ro c e sse s  u se  cem ent, flyash or silicates, or 
combinations of these, to effect pozzolanic reactions which result in heavy metal 
binding and conversion of liquids and sludges into solid waste forms. Pozzolanas are
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materials which, though not cementitious in them selves, contain certain constituents 
which combine with lime a t ordinary tem peratures in the presence of water to form 
stable insoluble compounds possessing cementing properties (141).
S/S with Portland cem ent type 1 is som etim es effective for inorganic sludges; it 
is not ordinarily useful for organic w astes (56). Organic com pounds may interfere 
with the normal hydration reactions occuring during cem ent curing and alter the 
properties of the hardened cem ent (6). Similarly, small am ounts of organics can 
potentially interfere with the reaction between inorganic sludges and cem entitious 
matrices and thus may be detrimental when treating mixed inorganic/organic w astes.
Solidification/stabilization technology is currently being utilized in the United 
S ta tes to treat inorganic and organic w aste and radioactive w aste generated  from 
industrial p rocesses  or which result from poorly controlled m anagem ent of w astes 
during landfilling operaiions. It is a valuable technology for the treatm ent of certain 
w aste stream s; e.g., metal plating w astes, incinerator ashes, etc., and has great 
potential for u se  in trea tm ent of contam inated soils arising out of historical 
malpractice or inadvertant spills. S/S p rocesses are viable for many metallic w aste 
stream s, but are only emerging as applicable options for organic w aste. There is no 
universal w aste treatm ent or immobilization p rocess that will handle all variations 
of w aste produced. However, a  realistic goal is to minimize the risk related to 
m anagem ent and ultimate land disposal of hazardous waste. S/S technology has been 
used  at land disposal s ites  for attaining the no free-liquid requirem ent of the 
H azardous and Solid W aste Amendments of 1984 in the Resource Conservation and 
Recovery Act (RCRA).
Notwithstanding som e of its limitations, such as  long curing time, relatively high
porosity, and  incompatibility with many organic w astes , Portland cem ent is 
continuously being used as  a primary ingredient in the S/S process. In the ca se  of 
som e heavy metal-containing w astes, the technology appears both cost-effective and 
safe, since the m etals are converted into (or retained as) highly insoluble salts 
which do not leach into ground water at appreciable rates. But there are reports of 
adverse effects (usually upon strength development) due to the presence of a  variety 
of adm ixtures (56), and such deleterious effects on the cem ent matrix may affect 
w aste immobilization.
Combinations of cem ent, cem ent kiln dust, soluble silicates, flyash, ground blast 
furnace slag, lime, and o ther proprietary additives a re  mixed with w astes  to 
increase bearing strength, eliminate free liquids and reduce leachability before 
landfilling (5).
Although the chemistry of cem ent has been under study for over 100 years, its 
mechanism of hydration is not yet tully understood (56). It is not only a very active 
research area  but also controversial because of the complexity of the system  and the 
inadequacy of analytical tools. After the addition of inorganic/organic w aste into such 
complex m atrices, many chemical and physical interactions can occur during S/S. 
Consequently, the characterization of such a  system  needs highly dependable and 
efficient analytical tools.
1.3. Characterization of Solidified Wastes
Many researchers have studied S/S of arsenic, cadmium, chromium, lead, nickel 
and phenols using different types of cem entitious m aterials and additives (11, 30, 
46 -49). There a re  many analytical m ethods being used  currently in order to 
characterize the cem ent matrices doped with hazardous w astes (56). Som e of the
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characterization m ethods widely used  in this field are; energy dispersive x-ray 
analysis (EDXA), x-ray powder diffraction (XRD), scanning electron microscopy 
(SEM), FTIR, and x-ray photoelectron spectroscopy (XPS) (56). High-resolution 
so lid-state NMR has been used very successfully to study the effects of hazardous 
w astes on hydration of aluminate and silicate phases of cem ent and is therefore a 
very valuable technique in elucidating the chem istry of solidified hazardous 
m aterials (30), and it has been  shown to be an effective and dependable tool for 
quantitative analysis of synthetic and natural cem ent minerals and for following the 
hydration of aluminate and silicate phases of cem ent with time. A number of such 
recent studies have been reported (30-34).
1.4. The Present Study
In the present study, seven types of commercial cem ents were used for the S/S of 
As, Cr, and Pb model inorganic w astes. Studies of fixation of Cd, Ni, Zn and phenols 
w ere perform ed with type 1 Portland cem ent only. The rheological and other 
physical and chemical properties of cem ent depend on its chemical and mineralogical 
composition (8). In the p resen t work, several additives; namely, sodium silicate 
type N solution, silica fume, flyash, organoclay and bentonite were also mixed in 
different ratios with the binders. Many researchers have used these  additives to 
improve the S /S  of hazardous w aste (47, 51, 56, 57, 58) and did find positive 
effects. A trem endous amount of research has also been done to look at the impact of 
blending agents on the internal environment of cem ent system s (59-63).
The main em phasis of the p resen t work was to find the best recipe for the 
fixation of these hazardous w astes and to elucidate the chemistry of solidified w astes
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by looking at the hydration of aluminate and silicate p hases  of the cem ent. To deal 
with the industrial mixed w aste sludges (organic plus inorganic) som e studies were 
also done by combining phenols with Cd and Pb and solidifying with type 1 Portland 
cem ent. Both soluble and insoluble forms of the inorganic salts; namely, nitrates and 
hydroxides, were used.
Recently som e leaching studies have been done by mixing and solidifying the 
m etals As, Cd, Cr and Pb together with cem ent (25, 46, 47, 48). Immobilization 
w as good with som e m etals while not good with others. Therefore, in the present 
work a  study was also done by combining As, Cr and Pb together with cem ent, and 
then 2 7 A| and 29Si MAS (magic-angle-spinning) NMR w as performed to check 
the coordination of Al atom s in the alum inate p h ase  and polymerization of 
orthosilicate ions in the silicate phase as  the cem ent hydration proceeded with time.
There is a direct correlation between the com pressive strength of the hydrated 
clinker and the degree  of hydration of the silicate p h ases  in cem ent (32, 49). 
Addition of a w aste i.e; a  chemical, in a  cem ent changes its physical properties, 
mainly its setting and com pressive strength. In a recent study (49), it w as found 
that the length of the setting and hardening period leads to a  retarding or accelerating 
of the hydration process, and depends not only on the type of additive but also on its 
amount. Addition of nickel chloride in cem ent gave maximum com pressive strength 
to the matrix only when mixed in optimum am ounts, while mixing sm aller or 
greater am ounts of Ni decreased  the com pressive strength. In the present work, 
29Si MAS NMR studies of the matrices were done to study the correlation between 
compressive strength and the amounts of Ni added to cement.
In this work, 2 9 Si CPMAS (cross polarization magic angle spinning) NMR
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studies have also been done to determine percentage of hydrated species where SiOH 
moieties were present. The higher sensitivity of the CP technique partially offsets 
the low natural abundance of 2 9 Si nuclei, and also the absence  of signal from 
unhydrated SiO groups simplified the interpretation and sensitivity of the NMR 
method.
Som e studies (26, 27) showed that anions like malate, tartrate, and gluconate
are strong retarders of calcium silicate hydration because  of their strong chelating
2 +properties with Ca in the highly alkaline solution in hydrating cem ent. In the 
p resent work, 13C CPMAS NMR spectra w ere obtained of phenols solidified with 
cem ent to try to monitor such complexation from any changes in the chemical shifts 
of the ipso  carbon of phenol. Ca salts of phenols were also synthesized to compare 
their shifts with the ones from solidified cem ent sam ples containing phenol.
Data have also been generated on leachability of As, Cd, Cr, Pb and phenols from 
solidified cem entitious m atrices by carrying out the EPA-recom m ended Toxicity 
Characteristic Leaching Procedure (TCLP) (114) with a little modification. A pH 
3.0 (0.04 M) acetic acid solution w as used  a s  the leaching medium. Most 
solidified/stabilized w astes contain a large am ount of free alkalinity because  of the 
lime or cem ent used in the process. This is very beneficial to w aste immobilization 
a s  it buffers against acid leaching. The pH is recognized a s  the leachant 
characteristic having the m ost important effect on leaching rates of metal cations 
(25, 48, 50, 70, 71). At higher pH, m ost heavy metal cations form insoluble 
precipitates, while at lower pH these compounds becom e solubilized.
The buffering capacity of the leachant can have a  significant effect on leaching, 
since a large amount of alkalinity in the stabilized waste will rapidly increase the pH
of low buffer capacity leachates making the leaching environment different from the 
initial leach an t pH. R e se a rc h e rs  have dem o n stra ted  the  im portance of 
m icrostructure not only in metal fixation but also in metal leaching from the 
cem entitious matrix, and after leaching with pH 5.0 acetic acid buffer, m assive 
breakdown of the matrix with a  subsequent dramatic rise in leaching concentrations 
has been reported (25, 48, 51, 70, 71).
In the present work, cem ent sam ples doped with Pb, Zn, As, Cr, Cd, phenols and 
ethylene glycol, and cured for 28 days, were leached with a  pH 3.0 acetic acid (0.04 
M) solution and also with a  pH 5.0 sodium acetate/acetic  acid buffer. Solid-state 
27AI and 29Si NMR spectra of the residues of the TCLP and the buffer 5.0 teachings 
as  well a s  of the unleached solidified w astes  were obtained to get information 
concerning Al coordination in the alum inate p h ase  and the orthosilicate 
polymerization in the silicate ph ase . T hese  spectral d a ta  com bined with the 
leachabilities of these  w astes as  determ ined by ICAP (Inductively Coupled Argon 
Plasma) and GC analysis of the leachates were used to investigate the relationship 
b e tw een  chem ical binding and  leach ing  m ech an ism s of th e  solidified 
inorganic/organic w astes.
CHAPTER 2
CHEMISTRY OF CEMENT HYDRATION AND THE INFLUENCE 
OF WASTE ADDITION ON IT
2.1. Cement Composition
Ordinary Portland cem ent (OPC) type 1 consists mainly of calcium silicates and 
calcium alum inates. A typical oxide composition of the cem ent clinker is 63% by 
weight CaO, 2 0 % SiC ^, 6.0% AI2 O 3  and 3.0% Fe2 0 3  (7). The principal phases 
p resen t a re  the clinker m inerals: tricalcium silicate (C3 S), dicalcium silicate 







C = CaO, S = Si02, A = AI203, F = F6203, S = SO3 
and H = H2O
Varying the proportion of the clinker com pounds gives rise to cem ents having 
different rheological properties. Addition of a  w aste affects the setting and many 
other physical and chemical properties of cem ent related to its hydration.
3Ca0*Si02
2Ca0*Si02
3C a0" A l203
4 C a 0 « A l2 0 3 » F e 2 0 3
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2.2. Cement Hydration
The oxides in unhydrated cem ent convert to hydrated forms on addition of water 
according to the following typical hydration reactions; the stoichiometry is not exact 
( 7 ) .
2(3C aO S i0 2) + 6H20  -> 3C a O 2Si0 2«3H20  + 3Ca(OH)2
2(2CaO*Si0 2) + 4H20  -» 3C a O 2Si0 2*3H20  + Ca(OH)2
3Ca0*AI20 3  + 6H20  —» 3Ca0*AI203*6H 20
3Ca0*AI20 3  + 3 CaSC>4«2H20  + 26H2O
-» 3Ca0»AI203*3CaS04*32H20
C 3 A is the m ost reactive com ponent in cem ent during hydration and in the 
p resence of gypsum forms a  hydration product called "ettringite" (CgA »3CSH32). 
Ettringite is a  stable product, but if sulfate ion concentration drops in solution, it 
converts to monosulfoaluminate. In the absence of gypsum, C3 A first forms mainly 
the m etastable hexagonal hydrate, C2 AH3 , which then slowly converts into stable 
C 3 AH6 f having a  cubic structure (26). Monocalcium alum inate (CA), the main 
com ponent of high-alum ina cem ent, on hydration first forms CAH-jo, which is a 
m etastab le  p h ase  and then converts to the C3 A H 0  form (40). Tetracalcium  
aluminoferrite (C4 AF) forms similar hydration products, but at slower rates.
C3 S and C2 S react with water to form calcium silicate hydrate (C -S-H ) gel and 
C a(O H )2 - C-S-H gel is a  non-stoichiom etric and poorly crystalline ph ase  and is 
primarily responsible for setting and hardening of the cem ent p aste  and for the
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ultimate strength of the matrix (64).
2.2.1. Hydration Periods
In a  calorimetric study of hydration of 0 3 s ,  five periods have been recognized 





• Long Term Hydration
Following are details about these  hydration periods. On mixing with water, a 
small amount of heat is liberated, attributed to heat of wetting and initial dissolution 
of the tricalcium silicate grains. Saturation with respect to calcium hydroxide is 
quickly achieved or su rpassed  and pH rises to 12 within a  few minutes. The role 
played by calcium hydroxide in th ese  system s is of major im portance. Earlier 
thoughts attributed the whole retardation mechanism to its action (99), but later on 
its combined effect with gypsum w as recognized (100). Calcium hydroxide causes  a  
-  d ec re a se  in concentration of aluminum and silicon from solution (1 0 1 ), but the 
concentrations of sulfate and alkalies are little affected (1 0 2 ).
During the pre-induction period very fine crystals of calcium silicate hydrates 
are formed and grow as  long interlocking fibers (55). This period is followed by an 
induction or dormant period with low heat liberation and lasting from 30 to 300 min 
depending upon tem perature, water-to-solids ratio, particle size and p resence of 
acceleratory or retarding admixtures. In this period, ionic concentration in solution
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increases until nucleation starts. Poorly crystalline C-S-H is the major hydration 
product and has little silica polymerization (97).
The Induction period during C3 S hydration is of g reat practical im portance 
b ecause  C3 S is the phase responsible for much of the setting behavior of Portland 
cement, and this is the period when mixing with aggregates can be done. What causes 
the induction period and its termination is still not clear. Many suggestions that 
have been made can be divided into two categories :
• Delayed Nucleation Theories
* Barrier Layer Theories
Following is a  brief d iscussion about th ese  theories. According to the first 
category, either calcium hydroxide or C-S-H or both may have to overcom e a 
barrier to nucleation. This is consistent with high degree of supersaturation with 
respect to calcium hydroxide found in solution (90, 91, 92). But detection of 
calcium hydroxide has also been reported before the end of the induction period 
(93).
According to the barrier layer theories, som e kind of barrier, perhaps an early 
C-S-H or chem isorbed layer of calcium ions is formed around grains which 
prohibits further hydration. Breaking of this layer by osmotic pressure, either by 
change of its permeability, or by nucleation of a  secondary C-S-H or calcium 
hydroxide has been reported (94, 55, 96).
Formation of thin flakes or foils on the surface of grains at very early s tages of 
hydration has been reported (89). Several p ieces of information suggest that a 
definite change in the reaction takes place and that this marks the end of the induction 
period. X-ray photoelectron spectroscopy, XPS, also called electron spectroscopy 
for chemical analysis (ESCA), is a technique for m easuring the kinetic energy of
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electrons photoejected from a solid surface, by soft x-rays. The kinetic energy Ek of 
the photoelectrons can be related to the binding energy Eb which these  electrons had 
originally in the solid (95). XPS studies done for hydration of CgS pastes from 5 s 
to 4 h cure time, showed the formation of a series of hydrates, revealing surface 
transformations of CgS grains from very early stages of hydration, a change in the 
environm ent of Si atom s and a variation of the Ca/Si ratio. A primary hydrate 
(Ca/Si «  3), a secondary hydrate (Ca/Si = 2 to 2.7), and a  tertiary hydrate (C-S-H 
Type 1) have been detected (95). Initially detected is a thin surface layer which is
0.7 nm thick after 10  s of total hydration and has a Ca/Si ratio close to 1 . This is 
followed by the formation of a  secondary hydrate with a Ca/Si ratio of about 2.7 and 
at least 6  nm thick after 15 min. At this stage chemisorption of Ca ions on a 
surface enriched in Si has also been suggested. The formation of a secondary hydrate 
could also be explained by precipitation from solution, thus explaining why silica 
concentration in solution drops drastically after som e minutes of hydration. The 
secondary  layer develops and  p ers is ts  through the dorm ant period until the 
supersaturation of the solution, and it plays the role of a barrier, which accounts for 
the low activity of the induction period. The rate of CgS hydration and the nucleation 
of hydrates are governed by the concentration of C a2+ and OH' in the solution. A 
distinct change in the shape of the Si£p XPS peak after 4 h of hydration is thought to 
correspond to a reorganization of the secondary hydrate to give a much more porous 
layer followed by precipitation of tertiary hydrate. The end of the dormant period 
manifests itself by m assive nucleation of Ca(OH )2  and the tertiary hydrate (C-S-H) 
with dimeric silicate ions (S«2 0 7) . In a study of the composition of the liquid 
phase of the hydrating CgS pastes, the ionic product [Ca2 +l[OH ' ]2  w as calculated as
a function of time and the results confirmed that the maximum C a2+ ion 
concentration corresponds to the end of the induction period and coincides with the 
onset of initial nucleation of Ca(OH)2 (26). The massive nucleation is the result of 
a not very permeable, superficial barrier that slows the exchange between the 
solution and the solid. Massive increase in the porosity c this barrier by the 
formation of cracks is observed at the end of the dormant period, and the 
reorganizations observed in the secondary hydrate are the cause of this massive 
increase in its porosity (95). CgS, protected till that moment, can now be in contact 
with a very alkaline solution susceptible of leaching to a large dissolution, and the 
silica thus liberated precipitates at the same time in the form of tertiary hydrate.
In 29Si cross-polarization magic angle spinning (CPMAS), and MAS without 
cross-polarization, NMR studies of C3S hydration, it has been reported that 
formation of hydrated material takes place as soon as water is added to C3S and that 
during the induction period, hydrated monomeric (isolated single tetrahedra) 
silicate units accumulate steadily (89). At the end of the induction period, nearly 
2% of the C3S has hydrated. The end of the induction period corresponds to the onset 
of formation of hydrated dimeric silicate species and a marked change in the rate of 
the C3S hydration reaction. It has been proposed that C-S-H-containing monomeric 
silicate species could constitute the barrier around the anhydrous grains that 
reduces the access of water to the anhydrous surface, thus slowing the reaction. But 
it could not constitute a completely protective barrier because material is being 
formed throughout the induction period. Delayed nucleation could also be a factor but 
it would have to apply to Ca(OH)2 and not to C-S-H-containing monomeric silicate 
species. It may apply to the C-S-H-containing dimeric and longer chain silicates.
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For example, it may be essential for Ca(OH )2  to be present before dimeric silicate 
species are formed. At long hydration times, the C-S-H layer becom es sufficiently 
thick to slow down the rate  of reaction by restricting acc e ss  of w ater to the 
anhydrous grain surfaces and increasing the thickness of material through which the 
excess calcium ions must diffuse to form Ca(OH)2 -
The induction period is followed by a  period of relatively high heat evolution 
known a s  the acceleratory period, which may last about 10  h at a water-to-solids 
ratio of 0.5 and at 25°C (89). This acceleratory s tag e  is characterized  by an 
exothermic reaction and with the appearance of Ca(OH )2  in the pastes, and dimeric 
silicate units are the major species formed during this stage of the reaction (89). 
This change from the induction to the acceleratory period has been associated  not 
with the sudden initiation of hydration, but with a  change in the nature of the
reaction product (from monom er to dimer species) and with an increase in the
overall rate of reaction. The C-S-H gel changes its composition and properties and 
forms the characteristic circular morphology.
This period is followed by a  deceleratory period and then very slow hydration 
over a long time scale so that after 24 h, the paste  may be about 40% hydrated,
w hereas after 10 d it may be 50% hydrated and after 100 d, 70% hydrated. Thus
the various stages of hydration reactions of C3 S are associated with the changes in 
the environments of the reacting species; from initially a surface exposed to bulk 
solution to a  highly protected region in well-hydrated sam ples.
2.3. Cement Hydration and S/S
The chemistry of hydration plays an important role in S/S. Addition of gypsum in
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cem ent changes the hydration chemistry of certain com ponents (13). Gypsum is 
added to slow the rapid setting of cem ent caused  by C3 A and is dissolved rapidly into 
the solution during initial contact of the cem ent with w ater and thus immediately 
becom es available to react with the added w aste component. After the addition of 
water to cem ent, the solution contains hydroxides and sulfates of Ca, Na and K and 
after 10  to 2 0  hours the sulfate has been almost completely removed from solution 
by formation of calcium sulfoaluminate. The solution then mainly contains KOH, 
NaOH and saturated Ca(OH)2 .
C -S -H  gel has the major role to play in hydrated cem ent. It seem s that it is 
formed at the cem ent particle surfaces, and this proposed surface coating has been 
proposed to retard the setting of cem ent in the presence of heavy metal w astes (14). 
A number of researchers have studied the stabilization of heavy metals, specially Cd 
and Pb using cem entitious binders (47, 50, 51, 77, 89, 107, 128). In our own 
studies of S/S of Pb and Cd nitrates and hydroxides (107), Cd w as found to slightly 
increase degree of hydration of OPC and w as effectively immobilized, while Pb not 
only retarded degree of hydration, but also w as much less immobilized than Cd. 
Similar results for Cd and Pb have been reported by other researchers, mentioned 
above. The leachability of lead w as 4 to 13 times higher than the teachability of 
cadmium with OPC. It has been reported that these  heavy metals have different 
binding m echanism s, one metal com pound may have been dissolved or desorbed 
preferentially over a  less soluble or more tightly adsorbed complex (77). Chemical 
mechanism of fixation, which may prefer metals of higher oxidation potential (Cd) 
over those with lower oxidation potential (Pb), also  exist. In a  recen t report 
(103), the reactions of Pb2 + , Cd2 + , Mn2 + , Zn2 + , Cu2 + , Mg2 + , Co2+ and Ni2  + 
with calcium silicates w ere investigated. Replacem ent of surface C a2+ by Pb2+ ,
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Cd2+ , Mn2+ , Zn2+ and Cu2+ w as observed, using EDAX and transmission electron 
m icroscopy, along with precipitation a s  hydroxides, hydroxy ca rb o n a tes  or 
carbonates and double decomposition reaction with calcite (a common crystalline 
form of natural calcium carbonate) present as  an impurity. In another report about 
S/S of Pb and Cd using OPC (30), it has been suggested  that the Cd/OPC system 
involves Cd(OH)2 , which provides nucleation sites for precipitation of C-S-H and 
C a(O H )2 , resulting in Cd being in the form of the insoluble hydroxide with a  very 
impervious coating. In case  of Pb, formation of mixed salts in presence of hydroxide, 
sulfate and nitrate (in the case  of soluble Pb salt) have been proposed. T hese salts 
retard cem ent hydration reactions by forming an impervious coating around cem ent 
clinker grains, but undergo solubilization and reprecipitation on surfaces of the 
cem ent matrix as  the pH in cem ent pore w aters undergoes fluctuations during the 
progress of hydration.
In this ion-rich hydrating system , there are many possibilities for the added 
metal ions (as inorganic waste); they can precipitate with the anions that are a part 
of the clinker or gypsum , they can be included in the C -S -H  gel or they can 
chem isorb at ionic or charged sites at the surface. Chemisorption depends on the 
surface structure of C -S -H  (64). The surface structure of the hydration product 
and the C -S -H  in a  basic solution is a  deprotonated hydroxylated surface. Many 
researchers have studied the interaction of metal ions with hydroxide surfaces and 
also the extent of pH dependent reversible adsorption (9, 16, 25, 46, 51, 52). 
W ater m olecules can adso rb  on an oxide surface and  th e se  m olecules can 
dissociatively chem isorb to produce surface hydroxyls with both acidic and basic 
properties. In acidic conditions the basic hydroxyls are removed from the surface
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and Lewis acid sites with full or partial positive charge are produced. The acidic 
hydroxyls can add additional protons producing Bronsted acidic sites with positive 
charge. So in acidic conditions the surface can pick up positive charge which 
restricts cation adsorption, and that is exactly what has been reported recently (25, 
46, 50, 51). In a study of metal fixation and leaching by a  cem ent based  fixation 
process (70), m assive breakdown of the matrix with a subsequent dram atic rise in 
leachate concentration has been reported in the case  of leaching with a  pH 5 acetic 
acid buffer. This kind of action progressively w eakens the material b ecau se  
cementing constituents are removed and soft mushy silicon-rich solids remain (25). 
Acid attacks cem ent through permeation of pore structure and metals dissolve and 
desorb as the pH of the leaching medium drops.
The surface hydroxyls in basic conditions can deprotonate producing negative 
oxide sites (Lewis b ase  site) while the basic hydroxyls remain on the surface, but a 
negative charge can develop that restricts anion adsorption and prom otes cation 
adsorption.
Alkalinity produced by cem ent hydration in the form of calcium hydroxide 
provides most of the buffering capacity of cem ent. Insoluble calcium silicates 
precipitate to form the cem ent matrix when calcium concentrations are greater than 
100 mg/L and pH is above 11.0 (19).
Similar reactions are likely with other pozzolan materials, though differences in 
composition will cause  the stoichiometry of the products to vary. Calcium silicates 
have high adsorption capacity for Ca and other metals (19). Amphoteric adsorption 
of heavy metals onto silica surfaces is well docum ented (21). According to the 
surface complexation model, specific adsorption is treated as  the interaction of the
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metal ions with the oxide surface in analogy to the complexation of metal ions by 
ligands in solution. Surface hydroxyl groups have the coordination properties of 
oxygen donor ligands, and  proton and metal cations com pete for the oxygen 
coordination sites on the surface. The major reaction with the silicate surface is 
competitive adsorption between the cations such as  H+, Na+ , K+ and C a2+. The pH 
is very high (1 1 - 1 2 ), and the concentration of protons is very low, therefore the 
cations are com peting for surface s ites with the hazardous metal ions. The 
complexation of metal ions by oxide surfaces occurs over a  very narrow pH range, 
and at high pH, the adsorption of metal ions is 100 percen t (64). Direct 
precipitation of oxides, oxyhydroxides and hydroxides will occur at the surface along 
with the expected adsorption reactions (53).
g
The pore solution chemistry is also of prime importance for understanding of 
elem ent mobility and migration p rocesses  in cem ent. Ionic strength affects ion 
exchange reactions with the solid phases, pH determ ines the degree of hydration for 
hydrolyzable ions, the cation composition determines the presence of competing ions 
with similar chemistry, and the redox potential determ ines the oxidation state  for 
multivalent elem ents (53).
2.4. Use of 27Al and 29si MAS NMR
High-resolution solid-state 2?AI MAS NMR has been extremely valuable in 
probing the coordination, quantity and location of aluminum atom s in Al-bearing 
clays and minerals (35, 40, 42, 70, 72-80). This technique has been  used to 
follow the changes in A I-0 coordination from tetrahedral to octahedral Al as  a result 
of hydration of monocalcium aluminate (CA), the main com ponent of high alumina
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cem ent (79b). Recently (77), 27AI MAS NMR has been used to study hydration of 
the aluminate phase in white Portland cem ent, a  cem ent with low iron content). The 
main Al constituent of this cem ent w as C3 A (4.4% w) in which Al is tetrahedraliy 
coordinated Al[4]. On reaction with water, it initially forms ettringite and later the 
therm odynam ically  s tab le  m onosu lfa te  and  cubic hydrate (81), which all 
exclusively contain octahedrally coordinated aluminum Al[6 ] (82).
Several 27AI MAS NMR investigations on calcium aluminates have shown that 
Al[6 ] resonates between -5 to 20 ppm, while Al[4] has a chemical shift range from 
55 to 80 ppm with respect to AI(H2 0 )e 3+ used a s  external reference (79a, 83). 
The four-coordinated Al has a chemical shift range from 55 ppm in aiuminosilicates 
to 80 ppm in alum inates depending upon its neighboring atom s in the second 
coordination sphere and/or cations.
The application of 2 9 Si high-resolution solid-state NMR to zeolites has been 
exceptionally successful in probing the local environments of the silicate ions in the 
framework (83), and in studying the connectivity of the silica te trahedra found in 
crystalline silicates (84). S ince MAS NMR d ea ls  with structure on the A 
(Angstrom) scale, this technique is equally well suited to monitor the development of 
amorphous C-S-H during the hydration of calcium silicates.
The silicon spectrum is essentially a  function of the degree of polymerization of 
the constituent silicate group. It has been shown (6 6 ) that the total range of 2 9 Si 
chem ical shifts in silicates (-60 to - 1 2 0  ppm) is related  to the d eg ree  of 
polym erization of the S i0 4 4 ‘ te trahed ra , Q n (n = 0, 1, 2, 3, 4). The Q unit 
rep resen ts a silicon atom bonded to four oxygen atom s, while the superscript n 
show s the num ber of o ther Q units (S i-0  te trahedra) a ttached  to the silicon 
tetrahedron under study. The 2 9 Si chemical shift ranges from monosilicates (Q°),
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disilicates and  chain-ending groups (Q1), middle or chain-linking groups (Q2 ), 
chain-branching groups (Q2 ), and three-dim ensional crossed-linked frameworks 
(Q 4 ). Increasing the num ber n; i.e, polymerization, m oves the chem ical shift 
towards higher shielding (more negative chemical shift value). According to this 
nomenclature, the spectral assignm ents for different silicate environm ents in solid 
silicates are shown in Table 1 (8 8 ).
It has been shown by 29Si MAS NMR studies that hydration of C3 S proceeds by 
formation of dim ers and more slowly, linear polymers (85), and silicate dimer is 
the predom inant species in the hydrating cem ent p aste  (8 6 ). At later s tag es , a 
com bination of dim er and/or end  units (Q 1), and middle units (Q2 ) becom e 
increasingly abundant with time of hydration (87).
Table 1
29SI Chemical Shift Ranges In Solid Silicates
Structure Notation Chemical Shifts (ppm from TMS)
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CHAPTER 3
MECHANISM OF INTERACTION BETWEEN ORGANIC WASTES 
AND HYDRATING CEMENT COMPONENTS IN S/S 
PROCESSES
3.1. Background of Interactions Between Organics and 
Hydrating Components of Cement
Ethylene glycol and phenols are polar organic compounds used as  model organic 
w astes in this study, and they are likely to be converted into anions in the highly 
basic medium of hydrating cem ent. It has  been  reported that anions like malate, 
tartrate, and gluconate are strong retarders of C3 S hydration because of their strong 
chelating properties with C a2+ ions in the solution, and they delay the nucleation of 
C a(O H )2  (26). A study done recently (27, 55) about the mechanism of interaction 
of polymers with the hydration product of Portland cem ent has shown that the 
m echanism of interaction between the Ca2+ ions and acrylic polymers is believed to 
be initiated by alkaline hydrolysis of the carboxylate group of these polymers. This 
saponification reaction m akes it possible for carboxyl anions of the acrylic polymers 
to catch the Ca2+ ions from the liquid phase of the paste whilst SO4 2 '  ions become 
trapped in the matrix. T hese data were obtained by chemical analysis of the pore 
solution from cement. Recently, strong adsorption of methanol, acetone and propan- 
2-ol by tricalcium silicate p as te s  has been observed (54). Thermoanalytical and 
other evidence show that methanol, acetone and propan-2 -ol are strongly sorbed by 
tricalcium silicate pastes, and cannot be completely removed by vacuum drying or
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heating at tem peratures that do not profoundly alter the material (54).
In another study, it was concluded that either calcium methoxide or a  methylated 
complex is formed when calcium hydroxide is mixed with methanol, and results from 
X-ray diffraction, infrared spectroscopy, su rface-area  determ ination, calorimetry, 
differential thermal analysis, and thermogravimetric analysis w ere used  to support 
this conclusion (2 0 ).
X-ray diffraction studies of hydration of C3 A have been done (28), and it has 
been shown that sugars and their derivatives effectively block conversion of C3 A to 
C 3 AH6 . In contrast, aliphatic 3-carbon com pounds with increasing num ber of 
hydroxyl and carboxyl groups are  less effective in preventing the formation of 
C3 AH6  and retarding the hydration of C3 A.
The effect of EDTA, a calcium chelating agent, on the early hydration of Portland 
cem ent, C3 S and C2 S has been studied by solution analysis and electron microscopy 
(29). It has been shown that EDTA saturates with calcium, and the appearance of 
free Ca ca u se s  precipitation of C-S-H gel from the bulk solution. C hanges in 
microstructures of the colloidal gel around clinker particles in C3 S and C2 S pastes  
were observed.
3.2. Ethylene Glycol and Cement Hydration
In our previous investigations (107), it has  been shown that ethylene glycol 
(EG) (1 0 % w) when mixed with cem ent and water, is chelated to C a2+ , Si0 4 4 '  and 
AI(OH)4 '  present in the liquid phase of the hydrating cem ent. This complexation of 
EG with the aluminate ion acce lera tes  the alum inate hydration during the early 
hydration period (16 h). The degree of silicate hydration is retarded com pared to
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cem ent alone from 8  h to 7 d. EG is suggested  to bond to silicate ions in the liquid 
phase  and prevent the dissolution of the cem ent grain by maintaining high levels of 
Ca in the liquid phase, but supersaturation does not occur to cause calcium hydroxide 
precipitation. Supersaturation of calcium and hydroxide ions eventually occurs after 
7 d and calcium hydroxide precipitates. At later s tag es  there is renew ed silicate 
hydration in the presence of EG, and polymerization of the silicate anions w as found 
to be enhanced in the presence of EG compared to cement alone after 28 d.
Transmission electron microscopic studies of cement containing EG suggested the 
presence of EG on the surface of calcium hydroxide crystals. The SEM results showed 
evidence that EG is incorporated into the C-S-H gel. In extraction studies (107), 
using solvent with different polarities, it w as pointed out that there were possibly 
several environments in which EG w as present in the cem ent paste  and that there 
w ere sites w here EG m olecules were strongly bound to the hydrates and not 
accessib le  to w ater. This conclusion w as supported  in another study (108), 
m easuring the NMR relaxation tim es (T-)) of similar m atrices, and the results 
suggested  that parts of the added EG would replace water molecules in the various 
hydrates formed with cem ent clinker; also som e parts of the EG will co-exist with 
the water remaining in the pores and layers between the hydrates due to the similar 
molecular size of EG and w ater and due to the infinite miscibility of th ese  two 
compounds.
3.3. Phenols and Cement Hydration
In ca se s  of 10% addition of 4-chlorophenol (pCP) and 4-bromophenol (pBP) to 
cem ent, it was proposed that the acceleration in both aluminate and silicate hydration
during early stages was due to the redissolution of the cem ent grain caused  by the 
depletion of C a from the liquid phase  due to the formation of calcium phenoxides 
(107). The phenol apparently  solubilized the silicate and  alum inate ions and 
increased the Ca ion concentration in the liquid phase  in contrast to the cem ent 
control, causing very low dissolution of the cem ent grains during the dormant period. 
Supersaturation of calcium and hydroxide ions occured after 3 d, followed by the 
nucleation of calcium hydroxide. Overall the dissolution of cem ent grains w as 
hindered by the p resen ce  of calcium phenoxide, presum ably b ecau se  the salt 
deposited on the surface of the grains and acted as  a  diffusion barrier. The degree of 
hydration was retarded com pared to the control even after 28 d. pBP retarded the 
silicate hydration more than pCP, and it w as proposed that the larger size of pBP 
limited the amount of pBP that can be contained in the silicate and aluminate hydrates 
and, therefore, pBP formed more calcium phenoxide. X-ray powder diffraction 
studies also show ed that calcium p-brom ophenoxide formed separa te  p h ases  in 
cement.
CHAPTER 4
EFFECT OF ACIDITY OF THE MEDIUM ON LEACHING
4.1. Factors Controlling Leaching Of Metals
Metal leaching from solidified/stabilized hazardous w astes is controlled by many 
com plex factors which include type and speciation of the metal, cem ent paste  
formulation, particle size, leachant type, acid flux through the w aste and time of 
contact with the leachant (46).
W ater decom poses cem ent paste by dissolving lime and som e alumina (22). This 
reaction is negligibly slow with m ost natural w aters, but much faster with acidic 
solutions. The material is weakened by this action progressively, because cementing 
constituents are removed and soft and mushy silicon-rich solid remains. A study of 
the re lease  of iso topes from cem ent-stabilized radioactive w astes indicated that 
diffusion through the matrix is one of the limiting m echanism s for leaching (23). 
Acid attack on a cem ent surface occurs through permeation of the pore structure and 
dissolution of ions that must diffuse back through a  chemically altered layer to enter 
the solution at the surface. This reaction is similar to the weathering of silica-rich 
minerals in the environment, which proceeds through a  chemically altered surface 
layer (24). Diffusion is involved in stabilized w aste breakdown, but it is difficult to 
predict if it is the rate limiting step  (25).
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The mechanism that immobilizes the metal toward leaching depends on pH and 
solubility. At the pH of the S/S process, which is variable but very high, the lower 
the solubility of the metal, the lower the concentration of metal in the leachate. As 
long a s  the m etal p recip ita tes at the pH of the  fixation p ro cess , it can  be 
satisfactorily immobilized.
pH is recognized by many resea rch e rs  (25, 52, 70, 71) a s  the leachant 
characteristic having the m ost important effect on leaching rates. At higher pH, 
insolubles precipitate, while at lower pH these com pounds becom e solubilized. The 
buffering capacity of the leachant can have a  significant effect on leaching since the 
large amount of alkalinity in the stabilized w aste will rapidly increase the pH of low 
buffer capacity leachants making the leaching environment different from the initial 
leachant pH.
4.2. Effect of pH on Fly ash Type C and Type F
In a very recent study (71), the effect of pH on the leaching of selected  elem ents 
from Ca-rich (Type C) pow er plant fly ash  w as reported. A verage leachate  
concentrations as  a  function of pH for As, Ca, Cd, Cl, Cr, Fe, Na, Pb and Se are 
reported in Table 2.
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Table 2
Average Concentration in Fly Ash Leachate Elements
(mg/L) vs pH 
pH
6 . 0 U L 1 1 . 6
As 1 . 2 0 .4 0 . 0 1 <0 . 0 1
Ca 6 9 7 0 2 7 8 0 1 9 5 0 2 0 0
Cd 0 .1 8 0 .0 6 0 . 0 2 <0 . 0 1
Cl 5 .0 4 .0 3 .0 2 . 0
C r 2 . 8 <0.1 <0.1 0 . 1
Fe 7 2 0 2 .9 1 .4 6 . 6
Na 2 6 0 1 0 0 9 0 7 0
P b 2 .7 0 . 2 0 . 1 <0.1
Se 0 .6 4 0 .2 3 0 . 1 1 0 . 0 2
(From ret 71)
The analysis shows a general trend of decreasing solubility with increasing pH. 
The slight increases in the solubilities of Cr and Fe from neutral to basic pH is a 
reflection of the amphoteric nature of these  elem ents. The am photeric-natured As 
did not show any such trend, presum ably b ecause  of the formation of relatively 
insoluble compounds such a s  calcium arsenate  [Ca3 (As0 4 )2 l at high pH. In Type F 
fly ash this tendency to form such insoluble com pounds would be minimized (1 1 0 ).
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Type F fly a sh es  contain little Ca, considerable Fe, are acidic in nature, and 
combined SiC>2 , AI2 O 3  and Fe2 C>3 comprise at least 70 wt%. Type C ash contains 
considerable Ca (20-30 wt% CaO) and is alkaline in nature, with SiC>2 + AI2 O 3  + 
Fe2 0 3  making up at least 50 wt%. Thus, high-lime Type C fly ash produces high pH 
values when slurried. The presence of alkaline earth oxides, particularly CaO, is the 
major reason for the highly basic pH values obtained upon hydration.
It is recognized that most toxic metal solubilities decrease  with increasing pH and 
it also held true in the pH-related investigations of coal w astes (109). The metals 
with am photeric behavior such a s  As, which show ed an increase in solubility 
between pH 9 and 12 (110) are  exceptions to the above solubility trends. This study 
involved low-Ca, type F fly ash , thus lowering the chances of forming insoluble 
arsenate compounds at high pH levels, such as calcium arsenate.
In a  similar study, researchers leached type C ash es  at pH values of 12, 9, and 
6 , and the results showed increased leaching of B, Pb, Co, Cr, Ni, Mn, Zn, Cu, and Cd 
with decreasing pH (109).
4.3. Effect of pH on Soil Leaching
The adsorption of cations and anions by soils depends on pH, but is usually less 
marked for anions than for cations. In a  recent study, retention and recovery of 
Cr(lll) and Cr(VI) added to four mineral soils and their impact on pH w as studied 
(1 1 1 ). The soils were found to posses low affinity for Cr(VI) retention com pared to 
that for Cr(lll), and unlike Cr(lll) retention, Cr(VI) retention tended to be higher 
the lower the initial soil pH. This could be expected, since low pH prom otes 
protonation of certain active groups. Mn oxides normally carry negative charges and
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hence would adsorb  the cationic Cr(lll), while Fe(lll) and Al(lll) oxides normally 
carry positive charges particularly in acid soils and, hence, would adsorb the anionic 
Cr(VI). Adsorption by M n02  of both cationic Cr(lll) and anionic Cr(VI) has been 
reported (113). In the latter case , Cr(VI) w as probably first reduced to Cr(lll). 
The anionic Cr(VI) behaves in a fashion similar to that of phosphate.
It w as also found that acid soils adsorbed more Cr(VI) than neutral soils (112). 
The recovery of Cr(VI) w as higher the lower the initial soil pH. This is rather 
surprising since anions are usually more tightly held in acidic soils than in neutral 
or alkaline soils. This m agnitude of Cr(VI) recovery reflected the reduction of 
Cr(VI) to Cr(lll) with a subsequent retention of the Cr in that reduced state. It has 
been suggested  that som e of the added Cr(VI) would have been retained in the acid 
soil, possibly a s  the insoluble A ^ C r O ^  and som e of the cationic Cr(lll) would 
have remained in soils as Ci(OH)3 , particularly in the nearly neutral soils. Som e of 
Cr(VI) may be coprecipitated with hydroxides of Cr(lll), Fe(lll), and Al or may be 
incorporated in Mn oxides (111).
CHAPTER 5
A BRIEF REVIEW OF USE OF 27Al AND 29Si MAS 
NMR TO FOLLOW CEMENT HYDRATION
5.1. Use of 2®Si MAS NMR for Cement Hydration Studies
2 9 s i solid-state NMR spectroscopy has been shown to be a highly reliable and 
efficient tool for quantitative analysis of synthetic and actual cem ent minerals and 
for following the hydration of silicate p hases  in cem ent pastes . A number of recent 
studies of such hydration p rocesses using magic angle spinning 29Si solid-state NMR 
have appeared  (30-34).
The silicon spectrum is a  function of degree of polymerization of the constituent 
silicate groups. The lines corresponding to the Q ° to Q4  coordination states of silicon 
can be expected, in principle, from hydrated cem ent, a s  explained in C hapter 2 
(65). The p rogress of hydration can be monitored by m easuring the relative 
intensities of the Q ° to Q4  lines. Increasing condensation will displace the 2 9 Si 
chemical shift by about 5 -1 0  ppm to higher field for each  next type of degree of 
condensation. Also, each AIO4  tetrahedron connected to a  Si0 4  group will decrease 
the 2 9 Si shielding by about 5-6 ppm (6 6 ). D egree of silicate hydration obtained 
from 29Si NMR spectra has been very well correlated with the com pressive strength 
of the hardened cem ent (49). A good correlation has been reported between 29Si 
NMR results and therm ogravim etric and microcalorimetric analyses of deg ree  of
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hydration (67). The hydration products of Portland cem ent show ed the sam e 
chemical shifts as  those for the hydration products of synthetic crystalline C3 S.
5.2. Superiority of 29Si MAS NMR Over XRD
In several ca se s  of investigating cem ent hydration (31), and also in investigating 
hydrated and dehydrated zeolites (138) 2 9 Si MAS NMR has been  shown to be 
superior to XRD analysis for quantitative analysis of highly crystalline cem ent 
sam ples in a  study done to find the effects of addition of microsilica on the hydration 
reactions of Portland cem ent, and accurate compositional results were obtained 
which XRD could not produce (31). In this 29Si MAS NMR study of Portland cem ent 
com ponents and effects of microsilica on the hydration, P -C 2 S contamination in C3 S 
w as detected  by X-ray powder diffraction from the Bragg reflection with d = 2.874 
A, but only a  rough estim ate of the degree of contamination might be obtained from 
XRD because  of the similarity of the P-C2 S and C3 S diffraction patterns. On the 
other hand, quantitation based  on the 29Si MAS NMR spectra showed the impurity to 
correspond approximately to 10% of the Si atoms, equivalent to 8 % by weight of p -  
C2 S. It was estimated that even less than 1 w % P -C 2 S may be detected in Portland 
cem ent samples.
Other researchers have reported the superiority of MAS NMR over conventional 
XRD in studying the ordering of Al and Si in zeolitic frameworks (35). The reasons 
for this are the very similar scattering pow ers of Si and Al for X-rays. The 2 9 Si 
NMR spectrum  clearly and quantitatively reso lves the populations of Si(4AI), 
Si(3AI), Si(2AI), Si(1AI), and  Si(OAI) groups. Si(nAI) d en o tes  here  a  Si0 4 ' 4 
tetrahedron connected to nA!0 4 5‘ tetrahedra and (4-n) other S K V 4  tetrahedra.
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5.3. 2?a i MAS NMR and Zeolites
2 7 A | MAS NMR spectroscopy  h as  also  been  u sed  successfully  for the 
characterization of silicoalum inate m inerals (zeolites) with different framework 
structures and it w as shown that 2 7 AI MAS NMR was the most valuable tool in 
probing coordination, quantity and location of Al atoms in chemically treated zeolites, 
but less effective than 2^Si MAS NMR for direct structural determination.
5.3.1. 27a i MAS NMR and Quantitation
Quantitation of tetrahedral and octahedral Al sites by MAS NMR signal intensities 
has been addressed  with good su ccess  (36-40), and 2 7 AI MAS NMR has been 
reported as  an appropriate method for study of the kinetics of hydration of cem ent 
pastes. The NMR data were reported to be in good accord with data obtained from 
chemical analysis. Som e researchers have reported that not all the non-framework 
aluminum is observed by 2 7 AI MAS NMR in som e clays (other than cem ent), and 
they used acetyl acetone (acac) impregnation of the non-framework Al to make that 
"invisible" Al observab le  by MAS NMR (41). P aram agnetic  relaxation w as 
mentioned as  the cause  for its being unobservable. Several factors can contribute to 
the estimation of the Al content from the 2 7 AI MAS NMR signal(s) (42), and these 
include signal loss from hom ogeneous and heterogeneous contributions. The dipole- 
dipole interaction between the nuclei, and the chemical shift effects brought about by 
the  electronic environm ent of the  nucleus are  the  c a u se s  of hom ogeneous 
contributions to the estimation of the Al content from the 27AI MAS NMR signal(s) 
(42). For the latter, a  larger quadrupolar coupling constan t from a  severely 
distorted Al site could give rise to a  broad line width, so that accurate integration is
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not possible. For homogeneous contributions the presence of param agnetic species 
can lead to significant effects on Tg and substantial signal loss during the necessary 
dead time before acquisition. It has also been reported that NMR-invisible Al cannot 
be attributed to only non-fram ework cations, but it might be the Al in polymeric 
species with large quadrupole interactions, and these  species are converted into 
visible Al com plexes by acac  impregnation (43).
27AI MAS NMR studies on hydration of monocalcium aluminate (CA), the main 
component of high-alumina cem ent, have also been reported (40). On hydration, CA 
forms the sam e product, "ettringite" (CgA«3CSH32), that C3 A does. The process of 
CA hydration involves conversion of the te trahedral (Th) coordination into an 
octahedral (0 ^ ) one. This conversion has been followed very well by 2 7 AI MAS 
NMR, and no difficulties regarding the complete NMR detection of the total Al content 
were observed for the calcium aluminate hydrate, a s  the quantitative analysis showed 
that the m easured intensities of the NMR spectra reflected the total Al content, and 
this holds true for the pure hydrate a s  well a s  the mixed products arising during the 
CA hydration process (40).
5.3.2. Quadrupolar Nuclei and MAS NMR
It has been reported that for quadrupolar nuclei of non-integral spin, the 
(m = 1/2  <-> m = - 1/2 ) transition is usually the only transition observed and is not 
affected by first order quadrupolar interaction (35). However it is affected by 
second order quadrupolar interactions, and at moderate field strength these dominate 
the spectra and thus obscure chemical shift effects related to short-range structure.
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The width at half-height of a spectral line is given by
V  ,/2 =  2 5 V q2 /1 8 V l 
where V L is the Larmor frequency, and V Q is the quadrupolar frequency (coupling 
constant in frequency units)
No first order quadrupolar interaction m eans here that V 1 /2 is not changed for 
the nuclei of non-integral spin having quadrupolar nature. The position of the center 
of gravity of the spectral line is
V s°  =  V L-  (4V q2/15Vz)
where V 2 is the Zeem an frequency
Therefore the actual position of the line will be shifted from the actual Larmor 
frequency by the am ount shown in parenthesis, and that is what is meant by 2 nd 
order quadrupolar interaction, which is inversely proportional to the m agnetic field 
strength, w hereas the chem ical shift dispersion is directly proportional to the field,
i.e.; the second-order quadrupolar shift and the width of the observed NMR peak 
decrease  with increasing H0  magnetic field (38). The magnetic field strength plays 
a  more important role in resolution than the spinning rate of sam ple rotor, at least 
after a  moderate value of spin rate has been achieved (5 KHz). Magic-angle spinning 
not only d ecreases  the quadrupolar interaction but also greatly reduces the influence 
of the dipole-dipole interaction and the chemical shift anisotropy on the line-width.
M easurem ents m ade on the Bruker AM-500 NMR spectrom eter and at 5.3 KHz 
spinning speed  took the spinning side bands completely out of Oh and T^ Al peaks and 
gave a  good AI(4)/AI(6) quantitation (38). In the present 27AI MAS NMR studies, 
som e sam ples which gave very poor separation between Oh and Th Al peaks on the
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AC-200 spectrom eter at 6.5 KHz spinning rate, were spun at 10.0 KHZ on the MSL- 
200 NMR instrument. The spinning side bands w ere taken completely out of the 
region of interest and then the quantitation of AI[4]/AI[6] done at the two speeds was 
com pared; the results were found to be in excellent agreem ent.
5.4. Cross-polarization MAS (CPMAS)
B ecause (longitudinal relaxation delay) of som e substances is so much longer 
in the solid sta te  than in solution, it is often desirable to use  cross-polarization 
(polarization transfer) techniques to obtain solid sta te  spectra. Cross-polarization 
m ethods differ in the solid sta te  from those in solution, since they rely on dipolar 
rather than J coupling between protons and carbons, or any other hetero nucleus. 
They can also be used on rfuclei other than proton and carbon.
How CPMAS w orks : If the field, H0 , by which nuclei are precessing at
CG0  =  _  J h 0 , is suddenly reduced to a  value much smaller than H0 , the spin 
distribution between the two energy sta tes  will now have to redistribute by transfer 
of energy to the lattice. However, if a technique could be devised in which another 
nucleus, say one in which the major distribution of spins is in the lowest energy 
state, could be brought in contact with the first group of nuclei, then energy could be 
transferred to these nuclei, and this is the basic principle of the CPMAS technique.
The method by which this is achieved is called spin-locking. Protons, normally 
the first se t of nuclei, are subjected to a  90° pulse along %'  (Fi9 1 a . b). and then 
the phase  of the irradiation field W* is changed  so that the magnetization and the 
irradiation radio frequency a re  now colinear along y ' (Fig 1c), making nuclei 
p recess around the applied irradiation field along y / . The precessional speed  © H
3 8
is given by C0H =  — YHWH .
(a) (b)
Applied magnet i c  
f i e ld
Po la r i z a t io n  of 
n u c l ea r  sp ins
I r r a d i a t i o n
Applied magne t i c  
f i e ld
z '
90° p u l s e
r e l a x a t i o n
I r r a d i a t i o n
■y'
f i e l d f i e l d
R e l ax a t i o n




p h a s e  of 
i r r a d i a t i o n  
sp in  locking
I r r ad i a t io n  
V f i eld
(C)
Fig. 1. Cross-polarization sequence: (a) initial m agnetization; (b) after 90° pu lse ; 
■(c) after spin locking when irradiation field changed from x7 to y7 .
(From Ref. 115)
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The relaxation of 13C nuclei in the solids can be extremely long. On the other 
hand, protons relax faster than carbons. In a CPMAS experim ent 13C nuclei are 
coupled to allow exchange of energy, and thus recovery of the nuclei now depends on 
the much shorter spin-lattice relaxation time for the H nucleus (T^ = 150 to 400 
ps) which shortens the acquisition time.
We can designate  the carbon coordinates as  %n  ancl since they are 
rotating at a different speed  to %1 and y the proton coordinates. Immediately 
following the  90° 1 H pu lse  and  during the 1 H sp in -lock ing  cond ition , 
radiofrequency along the coordinate x / 7  describing the 1 3 C m agnetization is 
applied. However, the 13C power level is altered so that
Yh wih  =  Y c ^ i c
which is called meeting the Hartman-Hahn conditions.
W hen we applied a 90° pu lse  to 1 H originally rotating around H 0t th e ir  
distribution among energy levels w as changed and also the num ber of spins in the 
higher energy level w as greater than that of 1 3 C. After spin locking, the spins are 
now precessing about a much sm aller field W1, and b ecau se  they have a  non­
equilibrium distribution am ong energy levels, they m ust transfer energy to the
carbons. The ratio Y H/ Y c  >s 4, therefore 13C locking field £f1c m ust be four 
times H1H. The net effect is that proton spins of high energy exchange with carbon 
spins of low energy, enhancing the 13C signal approximately four times. Moreover, 
a s  d iscussed  earlier, the carbon magnetization during the delay period after data 
acquisition does not depend on the growth of the carbon magnetization along Z n , but 
a rises from the contact of the proton spins; therefore, proton T-\ rather than the
4 0
carbon T1 is considered in choosing an adequate recycle time for complete relaxation.
5.4.1. 29§j CPMAS
Specially in the ca se  of 2 9 Si nuclei, the higher sensitivity of the CP technique 
partially offsets their low natural abundance. Further, the absence  of signals from 
unhydrated SiO groups simplifies the interpretation and sensitivity of the NMR 
method. The use of "* H -  ^®Si CPNMR techniques m akes possible the detection of 
silicon atom s to which one or more hydroxyl groups are attached , and strong 
enhancem ent of the signal intensities, or even additional signals initially too weak to 
be detected without CP, usually appear for silicon atom s bearing OH groups. It 
should be em phasized that the CP spectra are usually not quantitatively reliable and 
can provide at best semi-quantitative information.
CHAPTER 6
MATERIALS AND METHODS 
6.1. Types of The Wastes Used for S/S
The following reagent grade inorganic and organic chemicals (from Aldrich) were 
used as  model hazardous w astes in the present studies :
N aA s02 , Na2 H A s04 «7H2 0 ,  Cd(N 03 )2 «4H2 0 , Cd(OH)2  sludge*, Na2 C r0 4 «4H2 0 , 
C r(N 0 3 )3 ‘9H 20, Pb(N 03 )2 , Pb(OH )2  sludge*, NiCI2 «6H2 0 , Ni(N03 )2 «6H2 0 ,  
2 n (N 0 3 )2 *6H20
Phenol, 4-brom ophenol, 4-chlorophenol
‘Cadmium hydroxide and lead hydroxide sludges w ere prepared according to the 
specified procedures mentioned elsew here (30).
6.2. Types and Sources of The Cements Used for S/S
Seven types of cem ents obtained from different sources were used for the present 
S/S studies. Their compositions (obtained from the respective manufacturers) are 
given in Table 3.
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Table 3
Chemical and Mineral Composition of Various Cements (Wt%)
Type 1 Tvpe IfNo Gvpsum) TjrpeJA White Refcon Lumimte Pvrament FIv Asl
S i0 2 20.6 21.8 20.7 22.7 4.32 8.66 24.49 57.8
A1 2 0 3 5.2 5.1 4.9 3.9 61.51 48.09 9.82 4.9
Fe2 0 3 2.4 3.3 3.0 0.23 1.50 5.80 N.A. 3.0
CaO 64.9 65.9 64.0 67.6 31.90 35.50 45.64 64.0
MgO 3.3 2.8 2.7 1.0 0.00 0.44 2.36 0.70
S03 2.9 1.1 2.9 2.6 0.55 0.84 3.07 0.05
Na20 0.07 0.05 N.A. N.A. N.A. N.A. 0.52 0.19
k 2o 0.56 0.69 N.A. N.A. N.A. N.A. 2.93 2.7
C3S 61.0 61.0 N.A. 68.1 N.A. N.A. N.A. N.A.
C2S 13.0 N.A. N.A. 13.9 N.A. N.A. N.A. N.A.
c 3 a 10.0 7.9 N.A. 10.1 N.A. N.A. N.A. N.A.
c 4a f 7.0 N.A. N.A. 0.7 N.A. N.A. N.A. N.A.
N.A. (Not Available)
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Sources of Cement Sam ples :
Portland type 1, type 1A, and typel with no added gypsum were obtained from 
River Cem ent Company, St. Louis, MO. White, Refcon and Lumnite cem ents were 
obtained from Lehigh Portland Company, Allentown, PA., Pyram ent cem ent from 
Lone S tar Industries, Inc., Houston, TX., and Flyash type F from Ash M anagement 
Division, of JTM Industries Incorporated, Marietta, GA.
6 .3 . Types of Additives used for S/S
The following additives were used:
Sodium silicate type N solution, obtained from PQ Corp., Valley Forge, PA. 
Organoclay, from Bentec, Ferndale, Ml.
Silica fume (Si02), from Petrarch System s, Inc., Bristol, PA.
Bentonite, from Fisher Scientific Co.
6.3.1. Some Properties of The Cements and Additives 
used in The Present Study
The following is a discussion about the nature and importance of these cem ents 
and additives with respect to their possible effects on cem ent hydration reactions, 
which ultimately influence solidification/stabilization of chem ical w astes . The 
chemical and mineralogical composition of these materials is shown in Table 3.
Portland C em ent Type 1 OPC h a s  b een  u se d  ex tensively  in
solidification/stabilization of chemical and radioactive w astes (56). Combination of 
OPC and fly ash has also been  used for solidification/stabilization of w astes (39, 
47). A number of reports are available about the use of a combination of OPC and
4 4
soluble silicates in solidification/stabilization of different w astes (47, 51, 57, 77, 
107). The u se  of organophilic clays for solidification/stabilization of w astes  
(specially phenols) has been  reported (58, 56). Positive effects of silica fume 
addition on cem ent hydration have also been reported (32c, 77, 135).
Portland Cement with no Added Gypsum
The CgA* in Portland cem ent is highly reactive toward water during the early 
stages of hydration, therefore it is common practice to add from 1 to 1 0% gypsum to 
supp ress  this reaction, thereby preventing too rapid setting and h ea t re lease . 
Portland cem ent with no added gypsum was used to see  the effect of change in sulfate 
(which usually com es from gypsum) content on degree of cem ent hydration a s  well as  
its effect on immobilization’ of various w astes. It has been reported that the amount 
of calcium sulfate in cem ent greatly affects the reactivity of CgA (69), and of C3 S 
(93). The type of hydration products is determ ined by the content of the liquid
p . p
phase, and in particular by the content of Ca , S 0 4  , OH' ions and alkali metal 
cations. Depending upon the chemical composition of cem ent, the liquid phase  
undergoes rapid changes, mainly at the initial stages of hydration. In the presence of 
gypsum, the rates of CgS dissolution in the very early stage and of heat evolution in 
the a c c e le ra to r  stage of hydration increase, and also substantial am ounts of sulfate 
ions can be accommodated in C-S-H gel (93).
‘Nomenclature used herein described on page 9.
Refcon and Lumnite Cements
It is well known that cem ents based  on calcium aluminates develop their strength 
very rapidly and in certain chemical environments, for instance, in the presence of
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sulfates, they are more durable than OPC. Refcon and Lumnite cem ents used in the 
present studies, have high alumina but low silica contents as  com pared to OPC, and 
they contribute to increased  refractory character in various concrete and mortar 
mixes. Low iron contents, expressed  a s  Fe2 Og, also enhance refractory properties. 
Both of these cem ents are used to produce refractory concretes and mortars. The 
principal strength bearing products of high alumina cem ent hydration are hexagonal 
calcium aluminate hydrates, CAH1 Q and C2 AH, which are usually associated  with 
smaller quantities of alumina gel, AHg. All these products are m etastable and change 
to more stable cubic com pounds, CgAHg, AHg and water (133).
White Portland Cement
White Portland cem ent has almost 10 times less Fe2Og content than OPC. Low 
iron content enhances refractory properties. Hydration products arising from White 
cem ent, having a sm aller proportion of C4 AF, the main iron-bearing ph ase  in 
Portland cement, are expected to have a different phase composition than OPC. In a 
study of hydrated Portland cem ent p as tes  (134), it w as reported that variations of 
the ratio CgA/C4 AF resulted in variations of the phase composition, stoichiometry 
and specific surface area of the hydrates formed. For OPC , CgA/C4AF = 1.4 and for 
White cem ent this ratio = 14.0.
Pyrament Cement
Pyrament cem ent is a blend of OPC and fly ash  type F, as  reported by its 
manufacturer, and is used mainly where a  flash-set cem ent is needed. It has almost 
twice the concentration of AI2Og as OPC. D ecreased amounts of CaO, and increased 
am ounts of Na2 0  and K2 0  in this cem ent is expected to influence the amount of
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alkalinity present in the pore fluid , which has been reported to influence the rate of 
cem ent hydration (63).
Silica Fume
Silica fume concrete has been gaining acceptance in the construction industry 
since its first commercial u se  in Norway in 1969. It is a  w aste product from the 
ferrosilicon industry and consists  of am orphous silica with an extrem ely high 
specific surface (particles are about 100 times smaller than OPC particles) , and 
may be added to increase strength and density of hardened cem ents (77). In some
29recent Si MAS NMR studies of cem ents with added silica fume, it has been reported 
of microsilica accelera tes the reaction of CgS, and is itself consum ed during the 
hydration forming an increased amount of C-S-H (77, 32c). An increased rate of 
hydration during early hours has also been reported (135) and is believed to be due 
to enhanced  precipitation of hydration products on the silica fume particles, which 
possibly serve as  nucleation sites for crystallization during the early hours when it 
functions as  a chemically inert filler.
Bentonite and Organoclay
Clay-water system s, and more specifically bentonite system s, are am ong the 
most extensively investigated colloidal media. The industrial applications of these 
materials are essentially in foundry m oulds,and drilling muds. Cohesion, viscosity, 
low water loss, and a good impermeabilization power are the basic properties in such 
bentonite-cem ent aqueous system s (60). Bentonites are mostly Ca2+ and Mg2+ -  
exchanged m inerals, consist principally of montmorillonite (A lgO g^S iO g-H gO ) 
part of which has protons displaced by Na+ ions to meet the technical specifications.
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The observed consequences of adding bentonite to OPC are : (a) the high Ca2+
O4.
concentration yielded a Ca -  exchanged bentonite with thick pore walls and a  low 
w ater retention capacity; and  (b) high pH value of OPC p aste  viscosified the 
bentonite suspension (60).
Fly Ash
Fly Ash (FA) from powdered coal combustion is a pozzolanic material and reacts
with w ater and with lime to give cem entitious products. FA also  has  silica
m icrospheres. It has been reported that the reaction of FA in concrete only starts
significantly after one or two weeks and until that period it behaves more or less as
an inert material serving a s  a precipitation nucleus for Ca(OH )2  and C-S-H gel 
originating from cem ent hydration (132). This delay in pozzolanic reaction of FA in 
OPC has been reported to be due to the fact that only after some time has passed  does 
the alkalinity of the pore w ater becom e high enough to dissolve the glassy content of 
FA. Several recent studies using calorimetry and SEM have shown that FA influences 
the early stages of hydration in blended cem ents, acting as  a retarder both on C3A 
(117), and on CgS (131) hydration. This influence of pore fluid composition in the 
early s tag es  of hydration h a s  been  reported to be mainly responsible for this 
retardation (63). FA type F used in the present studies has more than twice the S i0 2 
content that OPC has. In this study (63), the Ca(OH)2  content achieved after 28 d 
cure time for a (1:1) blend of OPC and FA type F, was 3.7 as compared to 31.8 for a 
1 0 0  % OPC sample. The siliceous additive reacts with Ca(OH )2  in lime-rich C-S-H 
producing low Ca/Si ratio product. Moreover Na20  and KgO contents in FA are also 
higher than OPC. All of this alkali is re leased  to the pore fluids and the relative
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alkali contributions arising from cem ent and FA condition the pore fluid and thus 
influence the rate of cem ent hydration (63, 132).
Sodium Silicate Type N
Sodium silicate type N solution used in the present studies has S i0 2 /N a2 0  = 
3.22, and it contains already polymerized polysiloxane units ranging from Q 1 to Q4 
a s  shown in Fig.3. Addition of soluble silicates will also change the proportions of 
S i0 2  and Na20  contents in the cem ent paste  thereby influencing the rate of cem ent 
hydration. Possible reactions between soluble silicates and the polyvalent metal ions 
in the w aste, producing very insoluble metal silicates, and reaction between soluble 
silicates and the reactive components of the setting agent have been suggested (57).
6.4. Sample Preparation
Various cem ent/waste, cement/additive, and cem ent/additive/waste recipes were 
prepared by mixing cem ent and/or additive with the required amount of w aste into 
20 mL borosilicate screw cap vials and then adding deionized water. For each study, 
1 0  g of cem ent was mixed with the amount of inorganic salt corresponding to 1g of 
the elem ent of interest in it. After addition of 5 mL of deionized w ater (with the 
exception of som e c a s e s  where the am ount of w ater w as changed  to improve 
workability), the mixture was stirred to apparent homogeneity with a  thin stainless 
steel spatula, and the sam ples were allowed to cure in the vials at 23 ± 2 ° C .  
Specim ens were characterized at cure times ranging from 4 hours to 28 days. The 
rest of the mixing orders and ratios will be shown individually with each se t of 
studies in the following chapters. For organic compounds, 1.0 g of the phenols was
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mixed with 1 0 .0  g of cem ent, and the water/cement ratio w as 0 .5 .
6.5. TCLP Analysis
The E PA -recom m ended Toxicity C haracteristic Leaching P rocedure (TCLP) 
(114), w as used with minor modification. Instead of using 100.0 g of sam ple and 2 
L of extractant, 10.0 g of sam ple and 200 mL of extractant (0.04 molar acetic acid, 
pH 3.0) were used. After the sam ples were crushed using a  mortar and pestle to pass 
a  9.5 mm sieve, this sam ple and 200 mL of 0.04 molar acetic acid with an initial pH 
of 3.0 were placed in a 250 mL wide mouth Nalgene bottle and rotated in a  single 
speed  mixer designed by the National Bureau of S tandards (NBS) at 29 rpm for 18 
hours. The mixture w as suction filtered using 9.0 cm diam eter g lass microfiber 
filters. The filtrate w as acidified with 0.5 mL of conc. nitric acid, which changes the 
pH from 11-12 to about 4. In all c a se s  a clear filtrate w as obtained and no further 
digestion was done.
6.6. pH 5.0 Leaching
pH 5.0 leaching w as done with a pH 5.0 acetic acid/sodium acetate  buffer which 
was prepared by making a 2.5 M sodium acetate solution in a  2.0 L flask and then 
adding glacial acetic acid until a pH of 5.0 w as obtained. 200 mL of this extracting 
solution was used for 10.0 g of the solidified w aste. The rest of the conditions were 
the sam e as those used for the TCLP analysis, except that the filtrate w as not further 
acidified with conc. nitric acid.
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6.7. Meta! Analysis
Metals in the leachate w ere analyzed in duplicates on a  Jarrell-Ash Atom Comp 
direct-reading Inductively Coupled Argon Plasm a spectrophotom eter (ICAP).
Table 4 gives the detection limits and the usual linear range for the elem ents of 
concern as  determ ined by the LSU Laboratory for W etland Soils and Sedim ent 
(LWSS) in their standardization of the procedure.
Table 4
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LSU LWSS Published Detection Limits and Linear Range
E lem ent D etection  Llm ittaphi Linear Ranae(ppb)
As 15 75
Pb 2 5  1 0 0
Cd 10 1 00
Cr 5 1 00
Linearity of the ICAP for these  elem ents w as checked by analyzing 100 and 500 
ppm standards. Table 5 gives the % variations observed  at the m entioned 
concentrations of the elements of concern :
Table 5
Percent Variations at 100 ppm and 500 ppm
E lament  At t QO—ppm . AL.50.Q._ppid





The sam ples reading higher than 100 ppm were diluted so  that the concentration 
of each elem ent of interest becam e between its detection limit and 100 ppm. After 
every three runs, the standard (1 0  ppm) for the particular elem ents w as run as  a 
sam ple. If a  drift of more than 2 % w as detected , the machine w as recalibrated. 
Standards were made from 1 0 0 0  ppm atomic absorption standard solutions m ade by 
Mallinckrodt Co. Blank sam ples were run, and these  w ere m ade by doing TCLP 
leaching of the solidified cem ent without any waste.
6.8. Gas Chromatographic Analysis
Organics were analysed in the leachates using a programmed Perkin Elmer Sigma 
1 series GC using 15 meter, 0.53 mm ID, 1.0 pm .bonded Carbowax-20M capillary 
column. The analysis was done according to the conditions and procedure given in 
"Standard M ethods for The Examination of W ater and W astewater", 16th Edition, 
1985, p 561. The column temperature was kept at 210 °C  and FID (flame ionization 
detector) was kept at 230 °C . Sample w as injected at 240 °C. All TCLP leachates had 
a pH of about 12  and were therefore acidified before GC analysis with phosphoric acid 
to pH 4.0.
6.9. S o lid -S ta te  N uclear M agnetic  Resonance  
Spectroscopy
29Si MAS NMR studies were done on a  Bruker MSL-200 spectrom eter. Ground 
sam ples of 1 0 0  m esh size were spun in zirconia rotors, which hold about 300 mg of
cem ent, at a  rate of 3.5 KHz. The sam ples spun a t 6.5 KHz on an AC-200
spectrom eter using a solid state Chemagnetics probe gave the sam e line widths as  the
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sam ples spun at 3.5 KHz.
Chemical shifts are reported in ppm from external TMS. The spec tra  were
obtained at a resonance frequency of 39.7 MHz using 5 p s  90° pu lses with a
relaxation delay of 5 s. A S/N ratio of 30-50 w as obtained in 1000-3000 scans.
2 9 s i CPMAS (cross-polarization MAS) studies were done using a contact time of
3000 ps, and 5 ps pulses were separated  by 0.8 s  delay.
27AI MAS NMR was done on a Bruker AC-200 console at a resonance frequency of
52.1 MHz. Ground sam ples w ere spun at 6.5 KHz spinning rate in Torlon rotors
holding a  sam ple weight of about 100 mg. In these single pulse experiments 3 ps
0
pulses corresponding to 30 tip angle and a relaxation delay of 0.02 s were used. 
30,000 to 70,000 scans w ere collected in about 30 min with a  good S/N ratio. Some 
sam ples w ere also run on the MSL-200 with 4 mm high-speed probe at 10 KHz
O I
spinning rate. Chemical shifts are reported with respect to [AI(H20)6] *on in 1 
M AICl3 *6 H2 0  solution in water as  an external reference.
1 3 c  CPMAS studies were done for phenols solidified in cem ent matrices on the 
MSL-200 at a resonance frequency of 50.3 MHz. Sam ples were spun at 3.5 KHz 
speed, and 5 ps 90° pulses were used with a relaxation delay of 4 sec. A contact time 
of 5 ms was used in these CPMAS experiments.
Although 27AI MAS NMR done on AC-200 NMR instrument at 6.5 KHz spinning 
rate w as sufficient to take the spinning side bands out of the region of interest, a 
small part of a  spinning side band overlapped with the Al peak in the octahedral 
region. To check for any further advantage of higher spin rates, som e sam ples with 
very poor spectral resolution were run for 2 7 AI on the MSL-200 NMR instrument 
at a  10 KHz spinning rate.
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27AI and 29Si peaks w ere integrated using the Bruker NMR spectrom eter's own 
integration program. This method w as found quite efficient and trustworthy to 
integrate even badly overlapping peaks. T hese integration results w ere com pared 
with the integration done on the sam e spectra using a  computer simulation program 
"NMR1 ." The software is a  Fortran 77 graphics-oriented system and runs on VAX or 
micro-VAX com puters. The free-induction decays were transferred from the Bruker 
spectrom eter to the VAX system  using the program Kermit, and converted to NMR1 
format. NMR1 gives a sim ulated spectrum  after transferring the digitized 
experim ental data , performing baseline correction, doing line-broadening, and 
Fourier-transformation. Overlapping peaks w ere analysed using a  'curve fitting' 
subroutine. Further details of this program are given in our early work (107).
Using Bruker spectrom eter's integration program , the results obtained from 
replicate integrations of the sam e spectrum are reproducible within ±  2%. Three 
replicate sam ples w ere prepared for alm ost all of the determ inations reported in 
this dissertation. For replicate sam ples cured for 4, 8 , 16 or 24 hours, the NMR 
integrations of both Al and Si spectra are reproducible within ±  10%, and for the 
replicate sam ples cured for 3 days or more the reproducibility is ±  8 %. That is, if 
a % hydration of 50% is quoted, that numer is reproducible as 50 ±  5% hydration.
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6.10. Preparation of Ca Salts of Phenol, 4-Bromophenol 
and 4-Chlorophenol
A 2  L flask w as charged  with 37.0 g Ca(OH )2  (0.50 mol), 216.3 g 4- 
bromophenol (1.25 mol) and  1 L of deionized water. The flask w as fitted with a 
m agnetic stirring bar and a  condenser, which w as connected to a  low pressure 
nitrogen source. The stirred reaction slurry was heated  at 85-90 °C for 16 h and 
then filtered while still hot. The product w as isolated by evaporating the filtrate 
(mother liquor) to dryness under reduced pressure and the solid thus obtained was 
dried to a  constant weight under vacuum.
The sam e procedure w as adopted  to p repare  C a sa lts  of phenol and 4- 
chlorophenol, except that the weight of phenol taken w as 117.6 g (1.25 mol) and 
that of 4-chlorophenol w as 160.8 g (1.25 mol). The products and the starting 




In th e  s u b s e q u e n t  c h a p te r s ,  th e  re s u lts  a n d  d is c u s s io n  for 
solidification/stabilization using various cem en ts, and  cem en ts  with different 
additives, doped with organic and/or inorganic w astes are presented. T hese results 
contain 27AI and 29Si MAS NMR spectra, changes with time in relative percentages 
of Al and Si atoms in different environments in cem ent with and without added wastes. 
Also atom percent for Al[4] and Al[6 ] and percen t hydration (100-Q0 ) for the 
silicate p h ases  in cem ent have been plotted vs. hydration time in hours. The results
o
also contain teachabilities of different w astes  from the various fixing ag en ts  
employing leaching solutions having two different pH values. NMR results for 
various cem ent system s and the effects of different w astes on the hydration reactions 
will be discussed.
7.1. 27Al and 29Si MAS NMR of Cement Clinkers
Solid-state 2 7 AI and 2 9 Si NMR of various cem ent clinkers and additives w as 
performed prior to hydration to determ ine the nature of the silicate and aluminate 
species p resent in them. T hese agents vary widely in their chemical composition. 
The chemical compositions for all the cem ents used in the present studies have been 
reported in Table 3 in Chapter 6 . Not only solidification but also stabilization of a  
w aste in a  cementitious binder depends upon the chemical nature of the binder. A 
small change in the chemical composition of a  binder can alter its impact on the added
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chemical w aste by changing the concentration and composition of different hydration 
products.
Fig. 2 show s 2 7 AI MAS NMR spectra  of the unhydrated cem ent clinkers and 
additives used  in the p resen t study. The two peaks p resen t in the Al spectra  
rep resen t Al in te trahedral (~ 50 to 80 ppm) and octahedral (~ -11 to 6  ppm) 
coordination. The tetrahedral peak is characteristic of unhydrated aluminate and the 
octahedral peak  is characteristic  of hydrated  m inerals (40). H igh-alum ina 
cem ents, Refcon (62% AlgOg, 4% SiOg) and Lumnite (48% AlgOg, 9% SiOg), 
have the highest proportion of tetrahedral Al com pared to the other clinkers. This 
fact indicates that CA, the main component of high-alumina cem ents, is less reactive 
toward hydration, which usually occurs during cem ent manufacturing and storage. 
A lgOg content is lowest (5%) in Portland type 1A and fly ash  type F All other 
cem ents, except Pyrament, have AlgOg content around 5%, and for Pyrament it is 
10%. Among the additives, silica fume (AlgOg ~ 1%) (135) has all the Al in an 
octahedral form. Bentonite and organoclay have almost the sam e population of Al[4] 
and Al[6 ], which is not surprising, since the organoclay is a modified bentonite.
Among the cem ents, Refcon has 4% SiOg , Lumnite has 9% SiOg, but all other 
cem ents have SiOg content ~ 21 to 25%. Among the additives; fly ash has 58% SiOg 
, silica fume has ~ 95% SiOg (135), and sodium silicate type N solution has ~ 30% 
SiOg.
In Fig. 3, 2 9 Si spectra  of th e se  cem en ts  show the p resence  of only one 
environm ent for Si atom s (~ -71 ppm ), characteristic  of S i0 4 4 " (Q °) units 
present in unhydrated CgS and C2 S, except for Pyrament cem ent, which shows 3% 
of Si atom s present as  Q4  units. According to the m anufacturer's report, Pyrament
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cem ent is a blend of OPC and fly ash. Therefore, the 3% Si in cross-linked form 
presum ably a rises from fly ash . Earlier reports (77, 107, 136) also show ed the 
p resen ce  of only Q ° units in the Portland cem ent clinkers by 2 9 Si MAS NMR 
studies.
The additives vary widely in distribution of their Si atom s in different 
environments. None of them shows Q9  units. The Si spectrum of air-dried sodium 
silicate type N solution shows a major change in Q4  population as  com pared to its 
solution form. Fly ash, which has almost two times the SiC>2 and 8  times the Al2 0 3 
that OPC does, shows all the Si atoms only in Q4  form. Bentonite and organoclay have 
almost the sam e populations of Q3  and Q4  units.
7 .2 . Analysis of 2 7 AI and 2^Si NMR Spectroscopic D ata
Overlapping and poorly characterized peaks in the MAS NMR spectra make 
window integration on the Bruker NMR instrum ent difficult for many spectra . 
Therefore, a software program called 'NMR1' and developed by New M ethods 
R esearch Inc., of Syracuse, NY w as used  to deconvolute and integrate the badly 
overlapping spectra. The details of this program has been reported in section 6.9.
Fig. 3 A shows an outcome of using NMR1 for a  2 9 Si spectrum . The figure 
includes the 2 9 Si experimental spectrum  (a); simulated spectrum (b); difference 
betw een the two (d); and completely deconvoluted fitted peaks (c). This curve- 
fitting program gives the area percent for the fitted peaks as  shown at the bottom in 
Fig. 3 A. The integration done using NMR1 was found to be in close agreem ent with 
the integration done on the Bruker NMR spectrometer.
Fig. 3 B shows an example of a  simulated 2^AI MAS NMR spectrum. Again, the
two integration results are in close agreem ent with each other. To further check the 
accuracy in integration done on the Bruker, som e of the sam ples which gave 
extremely overlapping 27AI spectra at a spin rate of 6.5 KHz on the AC 200 console , 
were also run on the MSL 200 NMR spectrom eter at a  spin rate of 10 KHz. A typical 
example is shown in Fig. 3 C, and the integration results are found to be very close to 
each other.
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Fig. 2. 27ai MAS NMR spectra, chemical shifts (ppm), and the relative a rea  % (in 
parentheses) for and 0 ^ aluminum in unhydrated cements/additives.
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Fig. 3. 29gi MAS NMR spectra, chemical shifts (ppm), and the relative area  % (in 
paren theses) for silicon in different polymerization s ta tes  in unhydrated cem ents/ 
additives.
Cements/
Additives C hem ical S h ifts  a n d  A rea %
Q °  Q1 Q2 q3 Q4
Lumnite - 7 1 . 3  
( 1 0 0 . 0 )
Refcon - 7 2 . 1  
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' ' ■ J i L
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Fig. 3 A.
Converged Spectrum From NMR1
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Fig. 3 C. A comparison between integrations done for an 27AI MAS NMR spectrum 
obtained at 6.5 K Hz spinning rate (a); and the one obtained at 10 K Hz spinning rate 












7.3. Hydration of OPC
In this section, 27AI and 2 ®Si MAS NMR results (Fig. 4, Table 6 ) for the time- 
dependent hydration of OPC will be discussed.
Various complex p rocesses involved in cem ent hydration have been summarized 
in our early studies (107). After the addition of w ater to cem ent, there is a  rapid 
dissolution of the clinker grains to re lease  C a2 + , OH‘ , AI(OH)4 ',  S 0 4 2 ‘ and 
S i0 4 4 " into the liquid phase of the hydrating cem ent. The CgA reacts rapidly, the 
C 3S reacts progressively, and the other p h ases  contribute in a  minor way initially, 
resulting in a marked increase in tem perature and stiffening. After a several hour 
induction period, the acceleration ph ase  follows, and it is characterized by quick 
setting. The rapid initial dissolution of C3 A is immediately followed by a  reaction 
between the calcium sulfate and the C3 A in the liquid phase of hydrating cem ent to 
form ettringite. 27AI MAS NMR results in Fig. 4 and Table 6  show a decrease in the 
relative Al[4] atom % from 30.8 in the clinker to 22.3 in the 4 h cured cem ent.
In studies of the aqueous ph ase  during C3 S hydration (116), it has been 
suggested  that C a2+ and OH* ions are released  into the surrounding water at a 
constant rate during the induction period, and hydration is retarded by the high C a2+ 
ion concentration surrounding the surface of the calcium-deficient C3 S grain in the 
liquid p h ase . This condition pers is ts  until sufficient supersatu ration  (1 .5 -2 .0  
times the saturation value) accum ulates to give stable Ca(OH )2  nuclei. It has been 
suggested  (117) that the p resence of bulky silicate ions retards the nucleation and 
growth of Ca(OH )2  leading to supersaturation of the latter, and the effect is called 
'silicate poisoning’. At the point of Ca(OH )2  nucleation, a  sudden drop in Ca2  +
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concentration occurs a s  Ca(OH)2 , and also the C-S-H gel, begins to be formed 
(116).
After about 5 h, the calorimetric results (107) show a renew ed hydration of the 
cem ent grain to maintain the C a2+ concentration in the solution. It lasts about 8  h. 
Silicate hydration is believed to be the major contributor here, and 2 9 Si NMR of the 
cem ent p as te  during this acceleration period (8  h) show significant growth of 
dimeric units Q1 at the expense of the orthosilicate Q ° units (Fig. 4, Table 6 ). 1 H 
relaxation time m easurem ents (108) also show the presence of C-S-H gel at 6  h. 
Ionic product studies of CgS hydration show that crystallization of Ca(OH )2  starts at 
the end of the dormant period, but crystal growth is initially slow com pared to the 
dissolution of the C3 S (116).
Calorimetric studies (107) show a d ecrease  in heat output (deceleration period) 
from 8  h to 12  h attributed to slower hydration of the anhydrous silicate grains, 
b ecau se  diffusion through the built up layer of C-S-H gel becom es the rate 
controlling step. But after 16 h, 2 9 Si NMR shows a significant decrease  in the Q9 
units and a gradual growth of Q 1 and Q2  units.
2 7 AI MAS NMR results for the hydration of OPC show that Al[4] d ec rease s  
significantly by 24 h and is completely converted to Al[6 ] between 24 h and 3 d. A 
significant am ount of Al[6 ] during this stage  may be p resent a s  a cubic hydrate, 
because conversion of ettringite to monosulfate (cubic hydrate) has been reported to 
occur between 12 and 36 h into the hydration (26). 2 9 Si NMR results show that 
dimeric silicate units (Q1) gradually increase from 4 h to 3 d, and major change in 
their growth com es in the 3 to 7 d period, and it happens at the expense of Q9  units. 
Q 1 is the major com ponent of the cem ent matrix after 28 d hydration, a s  also
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reported in som e recent 2 9 Si MAS NMR studies by others (31, 32b). There is no 
evidence of Q3  or Q4  units in OPC paste at 28 d in our studies or of others (32b, 
32c, 77). Even 29Si CPMAS could not detect any Q3  or Q4  units in a 28 d hydrated 
OPC sam ple (136). In our 2 9 Si MAS NMR study of a 1year cured OPC sam ple 
(discussed later), no cross-linked or higher silicon units were observed., although a 
very small % of Q3  was observed in som e of the admixtures.
It has been shown (87) that reactivity of orthosilicate ions gradually d ecreases  
with hydration. It w as suggested  that the cem ent clinker initially is predominantly 
C3 S, but as  the hydration proceeds, becom es enriched in C2 S. The C2S phase in 
cem ent is known to hydrate more slowly than the C3 S phase (119).
This discussion will be used as  a model to explain the effects of added w astes on 
the hydration of various cem ents.
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Fig. 4. 27a , (|e ^  anc| 2 9 gj (right) MAS NMR spectra for hydration of Portland 
cem ent Type 1 sam ples as  a function of time.
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7.4. Effects of Waste Addition on Cement Hydration
Little is known about the m echanism s causing metal binding in the cem ent 
matrix, but it is believed to be due to a combination of entrapm ent of insoluble metal 
precipitates in pores in the cem ent and within the cem ent matrix, and to adsorption 
to the cem ent paste  surface. The hydrolysis of inorganic metal cations may form 
polynuclear species having different solubilities depending upon the pH values. Also 
the amount and the nature of the chemical compounds formed in the cem ent medium 
will affect the cohesion and strengthening properties of C-S-H, which is primarily 
responsib le  for the ultim ate m echan ical streng th  of the hydrated  cem ent. 
Precipitation of som e kind of protective coatings around the cem ent grains may 
result upon the addition of w aste (15), and these precipitates do not have any precise 
chemical stoichiometry and are deposited  mainly in colloidal gelatinous form. In 
particular, this is sug g ested  to be  true for Pb salts. S ince hydration is not 
completely stopped by such coatings, diffusional p rocesses through the coating are 
still active, bringing water in contact with the cem ent grains. The permeability of 
this coating will of course depend not only on its colloidal fine structure but also on 
its chemical composition. Therefore, an acceleration or retardation of aluminate or 
silicate hydration a s  detected by MAS NMR, might be a reflection of the type of such 
coating produced by a particular w aste in cement.
In the present studies all w astes and additives have been added by w/w ratio.
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7.5. Effect of 10% and 30% PbfNOg^ Addition on OPC 
Hydration
In our early studies (107), it w as reported that 1 0 % Pb(OH)2 addition to OPC 
retarded hydration of both aluminate and silicate p hases  of cem ent. In the present 
studies, the 2 7 AI NMR (Fig. 5, Table 7) of 10% Pb(NOg)2 + OPC show s the 
presence of only 6 % Al[4] after 3 d as com pared to 36% Al[4] in the ca se  of 10% 
Pb(OH)2 + OPC. In the 2 9 Si NMR results, no Q2  units were reported after 7 d 
hydration in the c a se  of 10% Pb(OH)2 + OPC, while 10% Pb(NOg)2 addition 
showed 16% Q2 units after 7 d. The silicate % hydration after 28 d is 69% for 10% 
Pb(N 03)2 + OPC, 67% for Pb(OH)2 + OPC, and 73% for the control sample.
In case  of 30% Pb(NOg)2 + OPC (Fig. 6 , Table 8 ), both aluminate and silicate 
hydration is retarded until 7 d, but the 28 d sam ple shows essentially the sam e % 
silicate hydration for 30%  Pb(NO g)2 (69%) as for 10% Pb(NOg)2 (69%). 
Again, Q1 decreases after 16 h but gradually increases after 24 h. The TCLP results 
for 10% Pb(NOg)2 + OPC showed 48 mg/L Pb in its leachate.
Lead is precipitated under these conditions in the form of a number of mixed salts 
and principally on the surface of the solids p resen t. The salts dissolve and 
reprecipitate throughout the course of the cem ent hydration process, leading to a 
mature cem ent paste  that has a  high surface concentration of lead species (107). 
XPS studies (64) showed Pb species coat som e of the calcium silicate phases in the 
clinker preventing its hydration. Since lead ions in basic solution form Pb(OH)2 in 
a  dilute hydroxide solution and plumbite ion, P b022 ", in a  concentrated hydroxide 
solution (64), the permeability of the coating around the cem ent grains will be 
different in the case  of 10% Pb(NOg)2 + OPC from the ca se  of 30% Pb(NOg)2 +
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OPC. A variable mixture of lead hydroxide incorporating S 0 4 2 '  and NOg" and 
possibly also silicate and aluminate ions from the clinker has been suggested  (15). 
In a  recent study (77), by increasing the amount of added lead to OPC, a decrease in 
its leachability w as observed. B ecause of the tendency of lead to form polymeric 
anions (120), it may be bonded to AI(OH)4 ‘ in the liquid ph ase  of the hydrating 
cem ent, thus retarding the expected formation of normal calcium aluminate salts and 
increasing the proportion of Al[4] up to 24 h a s  com pared to OPC alone. A small 
decrease  in Q 1 units from 16 h to 24 h and the renewed increase in Q1 units after 24 
h might be due to lead incorporated into aluminate and silicate structures.
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Fig. 4 A. 2 7 AI NMR data (a, b, c) and 2 9 Si NMR data (d) vs. hydration time.
OPC Alone OPC +10% Pb(N03)2
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Fig. 5. 27ai (ie ft) and 2 9 Si (right) MAS NMR spectra  for hydration of Portland 
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Fig. 6. 27^1 ancj 2 9 gj (rjght) MAS NMR spectra  for hydration of Portland 
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7.6. Effect of 30% Pb(OH)2 Addition on OPC Hydration
By comparing the results of 30% Pb(OH )2  + OPC (Fig. 7, Table 9), with those 
of 1 0 % Pb(OH)2  + OPC (107), it w as observed that major changes in aluminate and 
silicate phases take place between 3 d and 7 d. Although 7 d 10% Pb(OH)2  + OPC 
gives 43% silicate hydration, 30%  Pb(OH )2  + OPC gives only 37% silicate 
hydration. However, 28 d 30% Pb(OH )2  + OPC gives 83% silicate hydration 
against 67% in the case  of 1 0% Pb(OH)2  + OPC. Thus, the higher Pb concentration 
retards more in the early s tages, but accelera tes hydration in the later stages. A 
similar, but less pronounced, effect w as seen  for the Pb(N 03 )2  c a se s  described 
above. It is possible that Pb(OH)2 , being more insoluble than Pb(N 03 )2 , when 
added  in higher concentration, re tards silicate hydration by creating a  barrier 
around cem ent grains at early stages. But, by 28 d more hydration takes place 
because of a  more perm eable coating created by Pb(OH)2  than created by Pb(N 03)2 . 
Of course, the counter ions must also make a  difference in the formation of such 
coatings.
7.7. Effect of 10% Pb(OH)2 + 5% Sodium Silicate 
Addition on OPC Hydration
9 7  9q
Al and Si NMR results (Fig. 8 , Table 7) show severe retardation in both 
phases until 7 d as  com pared to OPC alone, 30% Pb(OH)2  + OPC, 30% Pb(N 03 )2  + 
OPC, and 10% Pb(OH )2  + OPC. After 28 d, the 10% Pb(OH)2  + 5 % sodium 
silicate + OPC gives a  higher proportion of Q 1 units than all the other recipes 
mentioned, although the % hydration of silicate units is almost the sam e in all these
combinations. Thus, the addition of Pb(OH)2  + OPC retards the dissolution of the 
cem ent grain by preventing the attack of w ater on the grain or retards further 
hydration of the orthosilicate ions and the tetrahedral aluminate ions in the liquid 
p hase . Apparently, the silicate from solution may be adsorbed  onto the solid 
Pb(OH )2  to form a  surface layer which retards the hydration reactions, a s  suggested 
in our earlier studies (107). OPC hydration containing soluble silicates and other 
added inorganic w astes will be  discussed in later chapters.
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Fig. 7. 27A, (|e ft) and 2 9 Si (right) MAS NMR spectra  for hydration of Portland 
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Fig. 7 A.2 7 AI NMR data  (a, b) and 2 9 Si NMR data (c) vs. hydration time.
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Fig. 8 . 27Al (|e ft) ancj 2 9 0 j (rjght) MAS NMR spectra for hydration of Portland 
cem ent Type 1 sam ples as  a  function of time containing 10  % by weight of Pb(OH)2
and 5 % by weight of Sodium Silicate Solution Type N.
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7.8. Effect of 10% Pb(OH)2 + 10% p-Chlorophenol
Addition on OPC Hydration
The NMR results (Fig. 9, Table 11) show that this combination including p- 
chlorophenol (pCP) retards the degree of both aluminate and silicate hydration until 
7 d, but after 28 d, there is more silicate hydration (79%) as  com pared to OPC 
alone (73%). The 28 d sam ples (discussed later) of 10% pCP + OPC gave 71% 
silicate hydration, and 10% pBP + OPC gave 72% silicate hydration, as com pared to 
73% silicate hydration for OPC alone. Thus, the halogenated phenols alone do not 
resu lt in e n h a n c e d  hydration , bu t only w hen com bined  with Pb.
Organics, particularly those containing hydroxy groups, can retard the rate of 
formation of the coagulation structure of cem ent along with the speed and form of the 
crystallization of the aluminate hydration products (121). It has been suggested  
(55) that organic compounds retard the hydration of CgA by hydrogen bonding to the 
surface of solid grains and forming a more im perm eable barrier which prevents 
conversion to CgAHg. The nature and number of oxy functional groups determine the 
ability of the compound to act as a  retarder. The fact that mandelic acid accelerates 
the CgA hydration w hereas lactic acid retards it (122), indicates that the chemical 
structure also has a substantial effect on curing.
Two possible interfering m echanism s have been proposed concerning organic 
com pounds in cem ent (124). The first mechanism is the result of the adsorption of 
the organic molecules onto the crystalline cem ent particles, thereby blocking the 
normal hydration reactions. The second is one of complexation, according to which, 
the organics with oxy-functional groups may complex with calcium, aluminate, and
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ferrite ions keeping them in solution and delaying the formation of hydration 
products. In our earlier studies (123), pCP w as reported to be found almost 
uniformly distributed in the C-S-H gel phase. pBP on the other hand had the least 
effect on the setting of cem ent sam ples among ethylene glycol, pBP, and pCP, and only 
3% of pBP appeared  to be bound in the C-S-H phase a s  detected  by SEM/EDAX 
studies. Electron probe m icroanalysis show ed that pBP w as heterogeneously 
distributed in the cem ent matrix in domains that were 1 0  or more microns across, 
and only minor am ounts of Al and Si were found in pBP-rich areas. The waste phase, 
which contained essentially only Br and Ca as  heavy atom s, w as thought to be a 
reaction product of hydrated CH and pBP. In the present studies (discussed later) we 
suggest that phenols change to phenoxides in the highly basic medium of hydrating 
cem ent (pH ~ 1 2 ). Since calcium ions are present in large concentration, calcium 
phenoxide might form and deposit on the surface of cem ent grains and act as  a 
diffusion barrier to further hydration. B ecause 10% Pb(OH )2  is also present along 
with phenols, formation of lead phenoxide cannot be ruled out. There are a number of 
recent reports that suggest such complexation between hydroxy com pounds and the 
cations present in hydrating cem ent (20, 27, 55).
7.9. Effect of 10% Pb(OH)2 + 10% p-Bromophenol
Addition on OPC Hydration
The NMR results in Fig. 10, Table 10, show that the combination of Pb and p- 
bromophenol (pBP) retards both aluminate and silicate hydration of OPC more than 
10% pCP + OPC does There is no hydration of the silicate phase even after 28 d. The 
TCLP done for 28 d sam ples showed 2430 mg/L of pBP from 10% pBP + OPC, 4730
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mg/L of pBP from 10% pBP + 10% Pb(OH)2 , as com pared to 3220 mg/L pCP from 
10% pCP + OPC, and 3500 mg/L pCP from 10% pBP + 10% Pb(OH)2  . 29Si MAS 
NMR done for the residues obtained after TCLP of these 28 d sam ples relates very 
well to this data. Leaching breaks down the cem ent matrix and generally rapidly 
attacks any free orthosilicate remaining. However, the % hydration for the TCLP 
residues under discussion show; 91% for 10% pCP + OPC, 8 6 % for 10% pCP + 
10% Pb(OH)2 , 91% for 10% pBP + OPC, and 77% for 10% pBP + 10% Pb(OH)2 . 
Thus, the pBP and Pb(OH)2  combination is quite different, and orthosilicate is being 
protected from hydration, even during leaching with an aqueous solution.
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Fig. 9. 2^AI (left) and (right) MAS NMR spectra  for hydration of Portland 
cem ent Type 1 sam ples as  a function of time containing 10  % by weight of Pb(OH)2
and pCP.
(Water/Cement/Pb2+/pCP = 0.5/1.0/0.1/0.1)
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Fig. 10. 27a , ancj 29g-, (rjght) MAS NMR spectra  for hydration of Portland 
cem ent Type 1 sam ples as  a function of time containing 10  % by weight of Pb(OH)2  
and pBP.
(Water/Cement/Pb2+/pBP = 0.5/1.0/0.1/0.1)
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7.10. Effect of 10% As(lll) Addition on OPC Hydration
The NMR results (Fig. 11, Table 13) show that although aluminate hydration is 
accelerated until 8  h as com pared to OPC alone, it is retarded in later stages and also 
there is reappearance of T^ Al after 7 d. Arsenite significantly increases silicate 
hydration until 16 h as  compared to OPC alone, but a  decrease in percent hydration is 
observed after that. TCLP results show ed 2.1 mg/L As in the leachate of 28 d 
sam ples containing 10% As(lll) + OPC. The salt used was sodium m etaarsenite 
(N aA s02).
The arsenite form of arsenic com pounds is oxidized to arsenate at high pH, and 
generally the arsenate  is more easily flocculated and precipitated by reactions with 
ferric, magnesium, calcium and aluminum salts (125, 137). As the pH of hydrating 
cem ent is found to be ^ 1 2 , arsenate ions can form calcium arsenate:
3Ca2+ + 2A s043'  -»  Ca3 (A s04 )2
The Ksp  for Ca3 (A s0 4 )2  = 6 .8  x 10 ' 1 9  (125)
The Ksp  for FeA s04  = 1.8  x 10‘ 2 0  (137)
Therefore, the p rocess of stabilization of As(lll) in a cem ent matrix might be a 
chemical one rather than physical encapsulation; due to the precipitation of calcium 
arsenate  in the alkaline solution.
7.11. Effect of 10% Cr(VI) Addition on OPC Hydration
The NMR results (Fig. 12, Table 14), show that 10% Cr(VI) addition in OPC 
cau ses  an acceleration in aluminate hydration until 8  h, but after that it is retarded
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a s  com pared to OPC alone. Silicate hydration is retarded significantly at all cure 
times a s  com pared to the control. TCLP of 28 d sam ples of 10% Cr(VI) + OPC 
showed 1400 mg/L in the leachate, a very high value a s  com pared with that of 
As(lll) or Pb(ll). The salt, sodium chromate (Na2 C r0 4 «4 H2 0 ), was used for these 
studies.
The trivalent s ta te  of chromium is stable and d issolves slowly in aqueous 
solution. Cr(VI) occurs under strongly oxidizing conditions and  show s simple 
hydrolysis behavior (126). Solubility of Cr(VI) is very high in the pH range 6-14, 
and chromium has been reported to form a  variety of chrom ates and chromosilicates 
with metallic cations (Ca, Fe, Si, Na, Al) (126, 111). Formation of highly soluble 
chromium com pounds in this pH range has been reported by many researchers (48, 
71, 111,124).
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Fig. 1 1 . 2 7 Al (left) and 2 9 Si (right) MAS NMR spectra  for hydration of Portland 
cement Type 1 sam ples as  a function of time containing 10 % by weight of A s(lll).
(W ater/C em ent/A s(lll) = 0 .5 /1 .0 /0 .1 )
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Fig. 1 2 . 27A, (|e ft) and 2 9 Si (right) MAS NMR spectra for hydration of Portland 
cem ent Type 1 sam ples as a function of time containing 10 % by weight of Cr(VI).
(W ater/C em ent/C r(V I) = 0 .5 /1 .0 /0 . 1 )
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7.12. Influence of Nickel and Chloride Ions on Hydration 
of OPC
In a recent study of physical properties of OPC containing nickel chloride, it was 
shown that the setting properties of cem ent depend on the type and concentration of 
the added w aste (127). Nickel chloride when solidified in cem ent resulted in either 
acceleration or retardation of the set depending on concentration. As shown in Fig. 
13 A, a sharp increase in com pressive strength between values of Ni2+/cem ent is = 
0  and 0.026 is obvious. Strength reaches a maximum, and then a downward trend is 
observed. The increasing trend is attributed to an accelerated  rate of hydration, 
which depends on the amount of nickel chloride added to the cement.
The accelerating effect of NiCI2  in cem ent was explained as due to formation of 
Ni(OH)2  gel, similar to the C-S-H gel, which contributes to the mechanical strength 
of the cem ent paste . But further addition of NiCI2  (Ni2+/cem ent > 0.026), might 
lead to the formation of a  gel with a  chemical composition CgA^NiCl^xHjjO, similar 
to C3 A *CaCI2 »10H 2 O (22), around the cem ent particles retarding the rate  of 
hydration and thus delaying the coagulation and crystallization process. Pore sizes 
were found to be smallest in the case  of Ni2+/cem ent = 0.026 than other ratios.
In our 2 9 Si MAS NMR studies, Ni2+ was added to the OPC in Ni2+/cem ent = 
0.013, 0.026, 0.068, and 0.10 by weight of Ni2+ . NiCI2 »6H2 0  w as used for these 
studies. A ratio of water/cem ent of 0.65 was used, considered the best compromise 
betw een workability, strength and porosity of the neat hardened cem ent sam ple
29
(127). Si MAS NMR spectra, shown in Fig. 13 and 14, were obtained after 3 d 
and 28 d cure times. As is quite obvious from the tabulated results, percent silicate
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hydration is a  maximum in the ca se  of Ni2+/cem ent = 0.026, agreeing perfectly 
with the com pressive strength  values reported for sam ples having the sam e 
Ni2+/cem ent ratios. Thus, it is clear that NiCI2  improves silicate hydration and 
does not only add to strength by forming its own gel.
To check the involvement of added chloride ions on the setting of OPC, chloride 
ions without nickel were added in the sam e ratios. Sodium chloride was used for this
pq
study. The results of Si NMR spectra after 28 d are shown in Fig. 15. The trends 
are exactly the sam e as  those for NiCI2  with a  maximum at 2 .6  % Cl'. , However the 
% silicate hydrations are a little lower a s  com pared to nickel addition. Thus, the 
concentration dependence of the NiCI2  addition, if not the overall strength effect, may 
be due as  much to Cl' a s  to Ni2+.
Chloride binding in a  cem ent matrix has been studied by many researchers (129, 
130). In a study of solidification of sodium chloride in OPC, it has been suggested 
that sodium chloride must undergo a prior reaction to form calcium chloride in order 
to combine with the aluminate phase forming Friedel's salt, CgA»CaCI2 »10H2 O , and 
the associa ted  calcium chloroferrite, CgF«CaCI2 »10H2 O (129); both of them are 
the only chloride compounds which have been reported to form (129).
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Fig. 13. 29Si MAS NMR spectra, chemical shifts (ppm), and the relative a rea  % (in 
parentheses) for 3 day cured Portland cem ent Type 1 sam ples containing: (a) OPC 
alone: (b) 1.3 % Ni2 + ; (c) 2.6 % Ni2 + ; (d) 6 .8  % Ni2 + ; and (e) 10 % by
weight of Ni2 + .
C hem ical Sh ifts and  Area % % H ydration
Q0 Q2 Q3
- 7 0 . 8  - 7 8 . 4  - 8 3 . 6
( 6 6 . 3 )  ( 2 1 . 3 )  ( 1 2 . 4 )
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( 4 8 . 6 )  ( 3 7 . 9 )  ( 1 3 . 5 )
- 7 0 . 7  - 7 8 . 5  - 8 3 . 6  - 8 9 . 9
( 4 3 . 9 )  ( 4 1 . 9 )  ( 1 0 . 7 )  ( 3 . 5 )
- 7 0 . 8  - 7 8 . 4  - 8 3 . 7
( 4 4 . 2 )  ( 4 0 . 1 )  ( 8 . 1 )  ( 7 . 6 )( b )
- 7 0 . 7  - 7 8 . 5  - 8 3 . 7
( 6 1 . 4 )  ( 2 9 . 4 )  ( 9 . 2 )
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Fig. 13 A.
A Study of The Influence of Nickel Chloride on the Physical 
Characteristics and Leachability of Portland Cement
E.Zamorani et al
Cement and Concrete Research, Vol. 19, pp. 259-266, 1989.
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Fig. 14. 29Si MAS NMR spectra, chemical shifts (ppm), and the relative area  % (in . 
parentheses) for 28 day cured Portland cem ent Type 1 sam ples containing: (a) OPC 
alone; (b) 1.3 % Ni2  + ; (c) 2.6 % Ni2  + ; (d) 6 .8  % Ni2 + ; and (e) 10 % by
24-weight of Ni .
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Fig. 15. 29gj ^MR spectra, chemical shifts (ppm), and the relative a rea  % (in 
parentheses) for 28 day cured Portland cem ent Type 1 sam ples containing: (a) OPC 
alone: (b) 1.3 % C l'; (c) 2 .6  % C l'; (d ) 6 .8  % CP, and (e) 10 % by weight of 
C I’ .
Chemical Shifts and Area % % Hydration
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In this chapter, 27AI and 2 9 Si MAS NMR results for hydration of OPC + Fly Ash 
(FA) (1 :1) sam ples as  a function of time and the effects of 10% addition of As(lll), 
Pb(ll), and Cr(VI) on the hydration, will be discussed.
8.1. Hydration of OPC + Fly Ash Type F (1:1)
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Al and Si MAS NMR results are shown in Fig. 16 and Table 15. Aluminate 
hydration is retarded at all s tag es  as com pared with OPC alone (Fig. 4, Table 6 ). 
Moreover, Al[4] and Al[6] atom % values do not change consistently with time. The 
% silicate hydration values show that degree of silicate hydration is also retarded 
until 7 d, but enhanced greatly after 28 d as compared with OPC alone. Fly ash acts 
a s  a retarder both for CgA and CgS hydration (117, 131). As discussed earlier in 
section 7.1, the initial delay in pozzolanic reaction of the fly ash in OPC is due to the 
fact that only after som e time has p assed  does the alkalinity of the pore water 
becom es high enough to dissolve the glassy content of FA (132), and until that time 
FA simply acts as  a  barrier for water to reach the cem ent grains. This due to the fact 
that FA absorbs water just like silica fume. Leaching of the heavy metals, present in 
FA as  contam inants, in such alkaline medium (pH ~ 12) has been reported (71). 
These metals may also contribute to the hydration trends.
Fig. 24 shows 27Al and 2 9 Si NMR results of a 4 m cured OPC + FA (1:1) sample. 
Surprisingly enough, Th Al increases from 9.7 % after 28 d hydration to 20% after 
4 m. Similarly there is a small decrease  in % silicate hydration from 95% after 28 
d to 90% after 4 m. The OPC + FA after 1 year into hydration showed 15% Q9 , 61%
100
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Q 1, 22% and 2 % Q^, giving 85% silicate hydration. The changes in the silicate 
hydration between 1 m and 4 m could easily be experimental error but the aluminate 
changes certainly are not. This anom alous behavior of changing proportions of 
aluminate species will be seen  to a larger extent when As(lll) or As(V) is added to 
OPC + FA (1:1).
8.2. Effect of 10% As(lll) Addition on OPC + Fly Ash
( 1 :1 )
9 7  9Q
Al and Si MAS NMR results (Fig. 17, Table 16) suggest that arsenite 
severely retards aluminate and silicate hydration at all stages a s  com pared with OPC 
+ FA (1:1). But OPC + As(lll) showed a small acceleration in aluminate hydration 
until 8  h and after that a small retardation com pared with OPC alone (Table 6  and 
13), while there is acceleration in silicate hydration in OPC + As(lll) until 24 h 
and then retardation com pared with OPC alone. Major changes takes place between 
24 h and 3 d. The 28 d hydrated FA alone sam ple has 41% Al[4] and 59% Al[6 ] 
(spectrum not shown here). Most surprisingly, there is reappearance of Th Al after 
7 d. This might be due to changes in pH of pore water with time which in turn might 
be due to initiation of FA hydration after one week a s  reported in section 6.3.1. On 
the other hand, silicate hydration increases progressively from 4 h to 28 d without 
any such discrepancy. TCLP results for the 28 d sample showed 540 mg/L As in the 
leachate, as  com pared with 2 mg/L As in the 28 d TCLP for OPC + 10% As(lll). 
Very low silicate hydration and extremely retarded aluminate hydration might be the 
cause of poor immobilization of arsenite in this matrix.
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8.2.2. Extended Study for OPC + Fly Ash (1:1) Containing 
10% As(lll)
Since anom alous behavior for alum inate hydration of this com bination w as 
observed between 7 d and 28 d into hydration, further investigations were carried 
out. The original results (Fig. 18, Tale 17) show that Al[4] atom percent increases 
from 31% for 7 d to 61% for 28 d. Fig. 20 and 20 A show the results for an ^ 7AI 
NMR study at several intervals from 3 days to 6  months (m). Each sample was made 
separately . It is found that a  major reversal in AI[4]:Al[6] actually takes place 
between one week (w) and 2  w eeks into hydration. Even after 2 w, we still see  ups 
and downs in Al[4] and Al[6 ] atom percent values which continue until at least 6  m 
into hydration, although th e se  variations are only relatively minor ones. This 
behavior is very interesting and might be due to the changing pH of the pore water. 
Indeed, leaching of this sam ple done at two different pH values (reported later) 
shows conversion of Al into Th Al in acidic leaching medium,
pq
In order to check for any similar trends in silicate hydration, '’Si MAS NMR 
w as done for the sam e sam ples after 3w, 4w, 7w and 8 w cure times. Results are 
shown in Fig. 20 A and 21, which also shows rise and fall in silicate hydration.
N ote. OPC + FA + As(lll) after 8  mon of hydration w as found to have 31% Q°, 
44% Q 1, 19% and 6 % O'* giving 69% silicate hydration. Thus, depolymerization 
of silicate polymers does start for sure after 8  weeks.
8.3. Effect of 10% Pb(l i )  Addition on OPC + Fly Ash (1:1)
NMR results (Fig. 18, Table 17) show that aluminate hydration is not retarded 
a s  com pared  to the control (OPC + FA) but silicate hydration is retarded
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significantly com pared to OPC alone. Again an increase in Al[4] content is observed 
after 7 d. 0.3 mg/L of Pb w as detected in the TCLP leachate of a  28 d sample, which 
is very low a s  com pared with OPC containing 10% Pb(ll) (48 mg/L). In this and 
other work carried out in our group, it ap p ea rs  that any modification of OPC, 
w hether FA, soluble silicates, lime, or several o ther additives, im proves the 
immobilization of Pb. Our understanding of the cau ses  underlying immobilization 
performance is very incomplete at present.
8.4. Effect of 10% Cr(VI) Addition on OPC + Fly Ash (1:1)
NMR resu lts (Fig. 19, Table 18) show that 10% Cr(VI) d o es  not change 
aluminate hydration by much, but retards silicate hydration significantly com pared 
with the control. The change in % silicate hydration between 3 d and 7 d is very 
small as com pared with the control, OPC + FA + 10% As(lll), or OPC + FA + 10% 
Pb(ll). Addition of Cr(VI) to OPC also retarded silicate hydration significantly at all 
s tag es  com pared with OPC alone (Table 18). TCLP leachate concentration of Cr for 
28 d sam ple is 1600 mg/L as  com pared to 1400 mg/L for OPC + 10% Cr(VI) 
sample.
These results suggest that addition of FA to OPC although retard silicate hydration 
until 7 d, but after 28 d, enhances it significantly com pared with % hydration for 
OPC alone. Addition of As(lll) very badly retard aluminate hydration in OPC + FA 
com pared with OPC + As(lll) at all s tag es , while silicate hydration is retarded 
almost sam e way in both OPC + As(lll) and OPC + FA + As(lll) com pared with their 
respective controls. Both fixing agents give good retainment of As(lll).
Pb(ll) c au ses  retardation of silicate phase  in both fixing agen ts com pared with 
their respective controls, while aluminate phase  show almost similar trends of som e
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acceleration in the beginning followed by small retardation at later stages, but after 
28 d, degree of aluminate hydration is sam e for both OPC + Pb(ll) and OPC + FA + 
Pb(ll) com pared with their respective controls. TCLP leachate concentration for 28 
d sam ple of OPC + Pb(ll) is 48 mg/L Pb, while for OPC + FA + Pb(ll) it is 0.3 
mg/L Pb. Hence OPC + FA proved much better than OPC in fixation of Pb(ll).
OPC + FA + Cr(VI) show som e acceleration in aluminate hydration until 8  h, but 
show retardation after that time com pared with the control. The silicate hydration is 
retarded significantly at all s tag es  com pared with the control. The sam e behavior 
was observed in case  of OPC + Cr(VI) (Table 14). TCLP leachate concentration for 
28 d sam ple of OPC + FA + Cr(VI) is 1600 mg/L , and for OPC + Cr(VI) it is 1400 
mg/L. Therefore, OPC proved somewhat better in fixing Cr(VI) com pared with OPC.
8.5. Extended Study for OPC + Fly Ash (1:1) Containing
10%  A s(V )
A similar study was done for this combination. Results are shown in Fig. 22, 22 
A, 23, and 24). There is a significant increase in Th Al atom percent between 7 w 
(37.8 %) and 5 m (53.0 %) into hydration. Before 7 w, there is a  gradual decrease
OQ
in Al[4] content. The Si NMR results show a  gradual increase in % silicate 
hydration, which is continuing even between 4 month (m) and 5 m.
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Fig. 16. 27A, (left) and 2 9 Si (right) MAS NMR spectra for hydration of Portland
cement Type 1 + Fly Ash Type F (1:1) sam ples as a function of time.
(Water/Cement/ = 0.5/1.0)
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Fig. 16 A.2 7 AI NMR data  (a, b, c, d) and 2 9 Si NMR data (e) vs. hydration time.
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Fig. 17. 27Ai (ie ft) and 2 9 Si (right) MAS NMR spectra for hydration of Portland
cem ent Type 1 + Fly Ash Type F (1:1) sam ples as a function of time containing 10 %
by weight of As(lll)
(W ater/C em ent/A s(lll) = 0 .5 /1 .0 /0 .1 )
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Fig. 18. 27A, ((eft) and 2 9 Si (right) MAS NMR spectra for hydration of Portland
cem ent Type 1 + Fly Ash Type F (1:1) sam ples as a function of time containing 10 %
by weight of Pb2+.
(Water/Cement/Pb2+ = 0.5/1.0/0.1)
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Fig. 19. 27a , ^eftj anc| 29gj (rjg ht) MAS NMR spectra for hydration of Portland
cem ent Type 1 + Fly Ash Type F (1:1) sam ples as  a  function of time containing 10 %
by weight of Cr(VI)











Fig. 20. 27A, m a s  NMR spectra , chemical shifts (ppm), and the relative a rea  % (in 
parentheses) for hydration of Portland cem ent Type 1 + Fly Ash Type F (1:1) sam ples 
as a function of time containing 10 % by weight of As(lll)
(W ater/C em ent/A s(lll) = 0 .5 /1 .0 /0 .1 )
Cure Time
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Fig. 20 A.27AI NMR data  (a) and 2 9 Si NMR data (b) vs. hydration time.









Fig. 21. 29Si MAS NMR spectra, chemical shifts (ppm), and the relative a rea  % (in 
parentheses) for hydration of Portland cem ent Type 1 + Fly Ash Type F (1:1) samples 
as a  function of time containing 10 % by weight of As(lll)
(W ater/C em ent/A s(lll) = 0 .5 /1 .0 /0 .1 )
Cure Time Chemical Shifts and Area % % Hydration
Q0 Q1 Q2 Q3
(3 w ) - 7 0 . 8 -81 .4 - 8 4 . 7
( 4 0 . 7 ) ( 5 1 . 3 ) ( 8 . 0 ) - 5 9 . 3
(4 W) - 7 0 . 5 -81 .1 - 8 4 . 5 - 9 0 . 1
( 2 4 . 9 ) ( 4 9 . 4 ) ( 1 9 . 9 ) ( 5 . 8 ) 75.1
(7 w ) - 7 0 . 8 -81 .4 - 8 4 . 7 - 9 0 . 2
( 2 6 . 9 ) ( 4 6 . 6 ) ( 2 1 . 1 ) ( 5 . 4 ) 73 .1
( 8 W) - 7 0 . 8 -81 .4 - 8 4 . 7 - 8 9 . 2




Fig. 22. 27A| MAS NMR spectra, chemical shifts (ppm), and the relative area  % (in 
parentheses) as a function of time for hydration of Portland cem ent Type 1 + Fly Ash 
Type F (1:1) sam ples containing 10 % by weight of As(v)
(W ater/C em ent/A s(V ) = 0 .5 /1 .0 /0 .1 )
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Fig. 23. 29gj MAg n m r  spectra, chemical shifts (ppm), and the relative area  % (in 
parentheses) for hydration of Portland cem ent Type 1 + Fly Ash Type F (1:1) sam ples 
as a function of time containing 10 % by weight of As(v)
(W ater/C em ent/A s(V ) = 0 .5 /1 .0 /0 . 1 )
C ure Tim e C hem ical S h ifts  an d  Area % % H ydration
Q0 Q1 Q2 Q3
(7 d) - 7 0 . 8 - 7 8 . 0 - 8 3 . 6
(41 . 0 ) ( 4 9 . 4 ) ( 9 . 6 ) - 5 9 . 0
(4 m) - 7 0 . 7 -81 .4 - 8 4 . 2 •
( 2 4 . 0 ) ( 5 6 . 1 ) ( 1 9 . 9 ) - 7 6 . 0
(5 m) -71  .3 -81 .9 - 8 4 . 7 - 9 3 . 1




Fig. 24. 27A| (|e ft) and2 9 Si (right) MAS NMR spectra , chemical shifts (ppm), and
the relative area % (in parentheses) for 4 month hydrated Portland cem ent Type 1 +
Fly Ash Type F (1:1) sam ple.
(Water/Cement = 0.5/1.0 )
C ure T im e. A s s ig n m e n ts  % H y d ra tio n
27*1 2 9 s ]
Al[4] Al[6 ] Q° Q1 Q2  q 3
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This chapter deals with the 23Si MAS NMR results for OPC sam ples cured one 
year (y) or more and containing different w astes in different concentrations. A 
com parison between 2 ®Si MAS NMR and 23Si CPMAS NMR results for the sam e 
sam ples is also reported.
9.1. Long Term Hydration of OPC Containing Different 
W astes
The results in Fig. 25 A, 25 B, and 25 C show a  substantial progress in silicate 
hydration between 28 d and 1 y. In present studies (reported later) 10% addition of 
ethylene glycol in OPC gives only 58% silicate hydration after 28 d, but it improves 
to 100 % silicate hydration after 2 y cure time. Similarly, the degree of silicate 
hydration is greatly improved for other adm ixtures as  well. Especially, the worst 
hydration observed  so far is for OPC + 10% Pb(OH )2  + 10% pBP, for which 
silicate hydration is 0% even after 28 d (Fig. 10), however, after 1 y, it is 95% . 
OPC % silicate hydration improves from 73% for 28 d to 89% for 1 y sample.
In Fig. 25 A, there is not much difference between Q ° population for different 
recipes, while the rest of the silicate units do differ significantly. OPC + sodium 
silicate has 37% Q °, 49% Q1 , 14% Q2 , and gives 63% silicate hydration after 28 d. 
After 1 y and 2 y it shows significant improvement in Q2  and Q3  population. The % 
silicate hydration for OPC + sodium silicate is sam e after 1y and 2 y cure time. 




Ethylene glycol after 28 d showed 27% Q °, 49% Q1, 24% Q2  and 58% silicate
hydration, and after 2 y, OPC + 10 % ethylene glycol shows no Q °, a 27% decrease
1 Pin Q , 63% increase in Q and 42% increase in silicate hydration com pared with 28
d OPC + ethylene glycol. OPC + EG % silicate hydration is sam e com pared with OPC
alone after 1 y, but it is 11% more after 2 y com pared with 1 y OPC alone.
Similarly OPC + 10 % pCP has 72% silicate hydration after 28 d and after 1 y, 
it has 92% silicate hydration. The 28 d sample has 29% Q °, 45% Q 1, 23% Q2 , and 
3% Q3 . Therefore, major change in Q2  population takes place after 1 y. For OPC + 
pBP, which has 28% Q °, 46% Q1 , 24% Q2 , and 2 % Q3  and 72% silicate hydration 
after 28 d, the changes are similar to those for OPC + pCP, but no Q3  units are 
observed. OPC + pCP accelerates silicate hydration by 3%, while OPC + pBP gives 
almost sam e silicate hydration compared with OPC alone after 1 y.
OPC with 1 0% Cd(NOg)2 , 10% Cd(OH)2 , 10% Cd(OH)2  + 5% sodium silicate 
or with OPC + 30% Cd(OH)2 , all these  recipes show almost sam e % hydration for 
silicate phase  as  shown in Fig. 25 B. Addition of sodium silicate still enhances
q
formation of Q units and so does 30% Cd(OH)2  There is progress of silicate 
hydration even after 1 y as is observed in formation of higher silicate units in case  
of going from 1 y hydrated OPC + Cd(N 03 )2  to 2 y hydrated OPC + Cd(NOg)2 , and 
also from 1 y OPC + Cd(OH)2  to 2 y Cd(OH)2 .
In Fig. 25 C, 1 y OPC + 10% Pb(OH)2  shows 6 % increase in silicate hydration 
com pared with 1 y old OPC alone, but this increase gets smaller in OPC + 30% 
PB(OH)2 , although Q2  population is higher for 30% Pb(ll) than for 10% Pb(ll). It 
was observed in section 7.6 that higher Pb concentration retards silicate hydration 
in the early s tag es  but acce le ra tes  in the later s tag es  (28 d), but after 1 y
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hydration, this trend seem s to be reversed.
Addition of 1 0% pCp to OPC + 10% Cd(OH)2  causes a little decrease in % silicate 
hydration com pared with 1 y old OPC and 1 y old OPC + 10% Cd(OH)2 .
A logical explanation might lie in the fact that whatever is the physical and/or 
chemical nature of the barriers formed between water molecules and cem ent grains, 
it still allows water to diffuse slowly and react with these  grains over very longer 
periods of time. The nature of added w aste becom es almost irrelevant with respect to 
% hydration over long periods, however the different w astes do have very different 
effects on degree of silicate polymerization, and th ese  matrix differences may be 
related to leaching behavior. The results suggest that w ater is retained inside the 
cem ent matrix even after such a  long time. In our studies, the hydrated cem ent 
sam ples were kept in tightly closed vials sealed  with parafilm.
There is no significant hydration change after 1 y, a s  observed in som e of the 
cases. This study suggests that leaching behavior should also be studied after 1 y 
cure times.
9.2. Comparison Between 29Si MAS NMR and 29Si CPMAS 
NMR Results
O Q
Si CPMAS NMR w as done for som e sam ples in order to use its higher 
sensitivity for hydrated silicate units in order to determine w hether our usual MAS 
results might be failing to clearly show the presence of Q3  or Q4 . 23Si MAS without 
CP has been detecting small am ounts of branched (Q3 ), but no crosslinked (Q4 ) 
silicates in our experiments.
Results for two samples are shown in Fig. 26. As expected, CPMAS does not detect
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unhydrated silicates (Q3 ). It does improve the resolution between Q 1 and Q2  peaks, 
but not between Q2  and very small Q3  peaks. Both of the sam ples do not show the 
presence of any Q4  units even after 1 y into hydration. Proportions between , Q2
Q
and 0 °  obtained form CPMAS and non-CP spectra for the sam e sam ple agree very 
well.
For 1 year cured OPC + 10% pB Q1 : Q2 : Q3
MAS 14 9 1
CPMAS 1 3 9 1
For 2  year cured OPC + 10% Pb(OH)2
MAS 1 7 1 0 1
CPMAS 18 1 0 1
O Q
Hence our usual Si MAS experiments are reliable enough not to leave any higher 
silicate units undetected.
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Fig. 25 A. 29Si MAS NMR spectra , chemical shifts (ppm), and the relative a rea  % 
(in paren theses) for 1 year (y) or more cured Portland cem ent type 1 sam ples 
containing (a) OPC alone, 1 y; (b) OPC + 5 % sodium silicate, 1 y; (c) OPC + 5 % 
sodium silicate, 2 y; (d) OPC + 10 % ethylene glycol, 2 y; (e) OPC + 1 0  % pBP, 1 
y; and (f) OPC + 10 % pCP, 1 y.
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Fig. 25 B. 29Si MAS NMR spectra, chemical shifts (ppm), and the relative a rea  % 
(in paren theses) for 1 year (y) or more cured Portland cem ent type 1 sam ples 
containing (a) OPC + 10 % C d(N 03 )2 , 1 y; (b) OPC + 1 0  % C d(N 03 )2 , 2  y; (c) 
OPC + 10 % Cd(OH)2 , 1 y; (d) OPC + 10 % Cd(OH)2 , 2 y; (e) OPC + 10 % 
Cd(OH ) 2  + 5 % sodium silicate, 1 y; and (f) OPC + 30 % Cd(OH)2 , 1 y.
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Fig. 25  C. 2 9 Si MAS NMR spectra, chem ical shifts (ppm), and the relative area  % 
(in p a ren th eses)  for 1 year (y) cured Portland cem en t  type 1 sa m p le s  containing  
(a) OPC + 10 % Pb(OH)2 , 1 y; (b) OPC + 30 % Pb(OH)2 , 1 y; (c) OPC + 10 % 
P b (O H )2 + 10 % pBP, 1 y; and (d) OPC + 10 % Cd(OH)2 + 10 % pCP, 1 y.
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Fig. 26. 29Si MAS NMR and 29Si CPMAS NMR spectra, chemical shifts (ppm), and 
the relative a rea  % (in parentheses) for Portland cem ent type 1 sam ples containing 
(a) MAS NMR of OPC + 10 % pBP, 1 y; (b) CPMAS NMR of OPC + 10 % pBP, 1 y; 
(c) MAS NMR of OPC + 10 % Pb(OH)2 ,2 y; and (d) CPMAS NMR of OPC + 10 % 
Pb( OH) 2 , 2y.
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CHAPTER 10
P 7  PQ
In this chapter, Al and Si MAS NMR results for hydration of sam ples 
containing OPC + sodium silicate type N solution (20:1) sam ples as  a  function of 
time and the effects of 10% addition of As(lll), Pb(ll), and Cr(VI) on the hydration 
will be discussed.
10.1. Hydration of OPC + Sodium Silicate (20:1)
Fig.27 and Table19 show s the results of 2 7 AI and 2 9 Si MAS NMR studies for 
hydration of this combination at different cure times. The relative proportions of Si 
atom s in sodium silicate type N solution (S i0 2 /N a2 0  = 3.22) are 9% Q °, 26% Q1, 
46% Q3  and 19% Q4  (Fig. 3).
Results show that 5 % sodium silicate addition in OPC accelerates the aluminate 
hydration at very early s tag es  a s  com pared with OPC alone (Fig. 4, Table 6 ), 
however, thereafter no significant change in aluminate hydration occurs as com pared 
with OPC alone. Similarly sodium silicate accelerates formation of Q 1 units from 4 
h to 7 d as  com pared with OPC alone. But after 28 d, silicate hydration is 63% as  
com pared with 73% for OPC alone. OPC + 5% sodium silicate gives 37% Q9 , 49% 
Q 1 and 14 % Q2  after 28 d, while OPC alone gives 27% Q °, 49% Q 1 and 24% Q2 
after 28 d. Thus, there is a major difference in Q ° and Q2  but Q 1 remains the sam e. 
Therefore, sodium silicate acts as  an accelerator for silicate phase until 3 d but after 
that it retards silicate hydration a s  com pared with OPC alone. Sodium silicate 
acce lera tes  alum inate hydration until 16 h, but thereafter deg ree  of alum inate 
hydration is almost the sam e as  that for OPC alone. Results in an earlier chapter
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show that OPC sam ples containing sodium silicate show the presence of Q3  units after 
1 year and 2  year, w hereas no Q3  is evident in OPC alone after 1 year.
Soluble silicate additions in OPC paste  increase the amount of alkalinity, sodium 
ions and silicate polysiloxane units. Increased hydroxyl ions might help in early 
precipitation of calcium hydroxide and result in an early end to the dormant period. 
Added silicate ions might form silicoaluminates which help aluminate hydration. Due 
to added silicate ions, early aluminate hydration, and also due to early growth of Q 1
p
and specially Q units, the calcium and hydroxide ion concentrations are high in the 
liquid phase  of hydrating cem ent, which might cau se  a  slight retardation in silicate 
phase hydration after 28 d.
10.2. Effect of 10% As(lll) Addition on Hydration of OPC 
+ Sodium Silicate (20:1)
27 AI and 2 3 Si MAS NMR results for this study are given in Fig. 28, Table 20. 
These results show severe retardation of aluminate phase  hydration until 24 h, a s  
com pared with the control but also as  com pared with OPC + 10% As(lll) (Fig. 11, 
Table 14). After 28 d, a slight increase in Al[4] content is observed. Thus, As(lll) 
acts as  a  strong retarder of aluminate phase  until 24 h of hydration but thereafter 
aluminate hydration is almost the sam e as  with the control or OPC + As(lll).
Silicate hydration is accelerated at all s tages as com pared with either the control 
or OPC + 10% As(lll).
TCLP of a  28 d cured sam ple of OPC + 10% As(lll) gave 2.1 mg/L As, while OPC 
+ sodium silicate (20:1) + 10% As(lll) gave 3.5 mg/L As in the leachate. The 
difference is not considered to be significant. Therefore addition of sodium silicate is
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not helping to immobilize As(lll) in OPC matrix.
10.3. Effect of 10% Pb(IS) Addition on Hydration of OPC 
+ Sodium Silicate (20:1)
Fig. 29 and Table 21 show NMR results for this combination. Lead severely 
retards both aluminate and silicate hydration until 3 d a s  com pared with the control 
(OPC + 5 % sodium silicate ) (Fig. 28). After 3 d, aluminate hydration is the sam e 
a s  the control, but silicate hydration has progressed more than the control has. This 
trend in silicate hydration is different from lead effects on OPC without sodium 
silicate. OPC + 1 0 % Pb(N 03 )2  showed (Fig. 7) a gradual increase in silicate 
hydration with time, and after 28 d, it has 69% silicate hydration, while OPC has 
73% silicate hydration. On the other hand, OPC + 5 % sodium silicate + 10% 
P b (N 0 3 )2  gives 80% silicate hydration, while OPC + 5 % sodium silicate gives 
63% silicate hydration after 28 d. Therefore, the presence of 5 % sodium silicate 
and 10% Pb(ll) together in OPC paste  enhances silicate hydration significantly after 
28 d but retards severely before that time as com pared with the control.
Thus, Pb(ll) acts as  severe retarder until 3 d, but after that it acts a s  a mild 
accelerator for the silicate phase  com pared with the control. Similarly, Pb(ll) acts 
a s  severe retarder for aluminate phase hydration until 3 d, but thereafter aluminate 
hydration is alm ost the sam e as  com pared with the control. TCLP leachate  
concentration of Pb w as 2 mg/L for the 28 d sample as  com pared with 48 mg/L for 
OPC + 10% P b(N 03 )2 . It is tempting to conclude that the enhanced  silicate 
hydration is responsib le  for this d e c re a se d  leachability, but tha t probably 
oversimplifies the case .
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10.4. Effect of 10% Cr(VI) Addition on Hydration of OPC 
+ Sodium Silicate (20:1)
NMR results (Fig. 30, Table 2 2 ) show that addition of 10% Cr(VI) in OPC causes 
significant aluminate retardation until 3 d a s  com pared with the control. Silicate 
hydration is also retarded until 7 d a s  com pared with the control but after 28 d, 
silicate hydration is almost the sam e a s  for the control. Leachate concentration of Cr 
for a  28 d sam ple of this recipe w as 1800 mg/L against 1400 mg/L for OPC + 10% 
P b (N 0 3 )2 . Comparing the effect of Cr(VI) on OPC hydration after 28 d, (Fig. 12, 
Table 14), it is observed that addition of Cr(VI) along with 5 % sodium silicate in 
OPC does not retard silicate hydration as much as it did without soluble silicates.
Thus among the three w astes; As(lll), Pb(ll) and Cr(VI), Cr(VI), after 28 d 
As(lll) acce lera tes  silicate hydration of OPC + 5% sodium silicate significantly 
(82%) com pared with the control (63%), Pb(ll) also accelera tes silicate hydration 
(80%), and Cr(VI) gives alm ost the sam e am ount of hydration (6 6 %) com pared 
with the control. After 28 d, As(lll) addition gives a little less aluminate hydration 
(10% Al[4]) in OPC + 5% sodium silicate a s  com pared with the control (5% 
Al[4]), while Pb(ll) and Cr(VI) addition gives almost the sam e degree of aluminate 
hydration as com pared with that of the control.
OPC + 5% sodium silicate greatly improves Pb containment (2 mg/L Pb in the 
leachate) as  com pared with OPC alone as  fixing agent (48 mg/L Pb in the leachate). 
As(lll) containment remains aim ost the sam e for both the recipes, while OPC + 10% 
Cr(VI) leachate concentration is 1400 mg/L Cr a s  com pared with the OPC + 5% 
sodium silicate leachate concentration, 1800 mg/L Cr.
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F ig .  2 7 .  2 7 AI a n d 2 9 Si MAS NMR spectra for hydration of OPC + 5 % by weight of
sodium silicate as  a function of time.
(W a ter /C em en t/S o d iu m  S i l ic a te  = 0 .5 /1 .0 /0 .0 5 )
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F ig .  2 8 .  2 7 AI and 2 9 Si MAS NMR spectra for hydration of OPC + sodium silicate
(20:1) as  a function of time containing 10 % by weight of As(lll).
(W a ter /C e m en t /S o d iu m  S il ica te /A s(III)  = 0 . 5 /1 .0 / 0 .0 5 / 0 .1 )
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F ig .  2 9 .  2 7 AI and 2 ®Si MAS NMR spectra for hydration of OPC + sodium silicate
(20:1) a s  a function of time containing 10 % by weight of Pb(ll).
(W a te r /C e m e n t /S o d iu m  S i l ica te /P b (II )  = 0 . 5 / 1 . 0 / 0 .0 5 / 0 .1 )
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27  2QFig . 30 . Al and Si MAS NMR spectra for hydration of OPC + sodium silicate
(20:1) as a function of time containing 10  % by weight of Cr(VI).
(W ater/C em ent/S od ium  S ilicate/C r(V I) = 0 .5 /1 .0 /0 .0 5 /0 .1 )
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Fig. 31. 27AI NMR data, Atom Percent vs. Hydration Time (a, b, c) and 2 9 Si NMR 
data, % Hydration vs Hydration Time (d).
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CHAPTER 11
In this chapter, 27AI and 2 9 Si MAS NMR results for hydration of OPC + silica 
fume (10:1) sam ples a s  a  function of time and the effects of 10% addition of As(lll), 
Pb(ll), and Cr(VI) on the  hydration will be d iscu ssed . In th e se  sam ples 
water/cement was increased to 0.7 to improve workability of the mixes.
11.1. Hydration of OPC + Silica Fume (10:1)
Fig. 32 and Fig. 33, give 27AI and 2 9 Si MAS NMR results for a  time dependant 
study of the hydration of OPC + 10% silica fume. The results show that addition of 
silica fume ca u se s  acceleration of alum inate ph ase  hydration until 8  h, a  little 
retardation after that until 7 d and gives almost the sam e Al[4] content after 28 d as 
com pared with OPC alone (Fig. 4, Table 6 ). Silicate hydration for this recipe was 
studied only from 24 h to 28 d, and the results show that addition of 10% S i0 2  in 
OPC cau ses  a significant acceleration of the silicate phase  from 24 h to 28 d as 
com pared with OPC alone. Silica fume itself has 9% Q2 , 53% Q3 , and 38% Q4 . Fig. 
33 shows 12% Q3  after 28 d, while neither OPC alone nor OPC + 5% sodium silicate
q
show ed any Q after 28 d . As d iscussed  in detail in section 7.1, addition of 
microsilica accelera tes reaction of CgS and is itself consum ed during the hydration 
forming an increased amount of C-S-H. The increased rate of hydration during early 
hours, when the silica fume is basically a  chemically inert filler, has been reported 
(135) and is believed to be due to enhanced precipitation of hydration products on 
the silica fume particles which possibly serve as  nucleation sites for crystallization
q
during the early hours. Q units were not observed even after 78 d in a CPMAS
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study of the effect of S i0 2  addition on CgS hydration even after adding S i0 2  by twice 
the weight of cem ent (136). In our studies 12% units are present after 7 d cure 
time. P resence of other p h ases  in cem ent m akes that system quite different from 
CgS alone.
11.2. Effect of 10% As(lll) Addition on Hydration of OPC 
+ Silica Fume (10:1)
Fig. 34 and Fig. 35 give NMR results for this combination. Aluminate hydration 
is improved a little until 8  h but after that, Al[4] atom percent values are a little 
higher a s  com pared with the control (OPC + 10% silica fume). Silicate % hydration 
values show that silicate hydration is accelerated until 24 h, com parable after 3 d, 
but greatly retarded after 7 d and 28 d (77 % after 28 d) as  com pared with the
control (92 % after 28 d). This behavior of arsenite is opposite to its behavior
toward OPC + 5 % sodium silicate + As(lll), where it greatly accelerated  (82 % 
silicate hydration) as  com pared with OPC + 5 % sodium silicate (63 % silicate 
hydration). On the other hand, As(lll) caused  a severe retardation until 24 h in the 
aluminate phase  hydration in OPC + 5 % sodium silicate (Fig. 28, Table 20), while 
As(lll) in OPC and OPC + silica fume accelerates aluminate hydration at these early 
stages com pared with their respective controls.
11.3. Effect of 10% Pb(II) Addition on Hydration of OPC 
+ Silica Fume (10:1)
Fig. 36 show that Pb does not make a  big difference in aluminate hydration as 
com pared with the control. Fig. 33 shows that lead retards silicate hydration until
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24 h, but thereafter silicate % hydration values are the sam e a s  for the control. The 
aluminate retardation due to Pb addition in OPC + 5 % sodium silicate w as very 
severe until 24 h (Fig. 29, Table 21), but in OPC + 10% silica fume no such effect 
is observed.
Pb(ll) addition in OPC + 5 % sodium silicate caused  sever silicate retardation 
until 3 d (Table 21), gives 9% more after 7 d and 21% more silicate hydration 
after 28 d com pared with OPC + sodium silicate (Table 19),
Pb(ll) cau ses  mild retardation in silicate hydration in OPC + silica fume until 
24 h, gives the sam e % silicate hydration at 3 d, 5% more at 7 d and the sam e 
silicate hydration after 28 d a s  com pared with OPC + silica fume. Thus OPC + 
sodium silicate + Pb(ll) and OPC + silica fume + Pb(ll) exhibit different trends in 
aluminate and silicate hydration of OPC.
TCLP leachate concentration for 28 d sample is 0.5 mg/L Pb, while for the OPC + 
sodium silicate + Pb(ll) it w as 2 mg/L Pb and for OPC + Pb(ll) it was 48 mg/L Pb. 
Therefore, addition of silica fume helps in immobilization of Pb(ll) in OPC.
11 .4 .  Effect of 1 0 %  Cr(VS) Addition on Hydration of OPC 
+ Silica Fume (1 0 :1 )
Fig. 38 show that Cr(VI) addition in OPC + 10% silica fume does not change 
aluminate hydration significantly a s  com pared with the control. Fig 39 reveals that 
Cr(VI) greatly improves silicate hydration after 24 h, but after that no significant 
change in % silicate hydration is observed as  com pared with the control. TCLP 
leachate concentration for Cr(VI) is 1550 mg/L Cr for OPC + silica fume, while for 
OPC + sodium silicate + Cr(VI), it was 1800 mg/L Cr and for OPC + Cr(VI) it w as
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1400 mg/L Cr. Therefore addition of silica fume to OPC d e c re a se s  Cr(VI) 
leachability com pared with OPC + sodium silicate + Cr(VI) but increases com pared 
with OPC + Cr(VI).
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Fig. 32 . 2 7 AI MAS NMR spectra, chemical shifts (ppm), and the relative area % 
(in parentheses) for hydration of OPC + silica fume (10:1) samples as a function of 
time.
(W ater/C em ent/S ilica  Fume = 0.7/1.0/0.1)
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2 9Fig . 33 . Si MAS NMR spectra, chemical shifts (ppm), and the relative area % 
(in parentheses) for hydration of OPC + silica fume (10:1) samples as a function of 
time.
(W ater/C em ent/S ilica  Fume = 0.7/1.0/0.1)
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?  7F ig . 34 . Al MAS NMR spectra, chemical shifts (ppm), and the relative area % 
(in parentheses) for hydration of OPC + silica fume (10:1) samples as a function of 
time containing 10 % by weight of As(lll).
(W ate r/C em en t/S ilica  Fum e/A s(lll) = 0 .7 / 1 .0 /0 .1 /0 .1 )
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2 9Fi g .  3 5 .  S i MAS NMR spectra, chemical shifts (ppm), and the relative area %
(in parentheses) for hydration of OPC + silica fume (10:1) samples as a function of
time containing 10 % by weight of As(lll).
(W ater/C em en t/S ilica  Fum e/A s(lll) = 0 .7 /1 .0 /0 .1 /0 .1)
Cure Time Chemical Shifts and Area % % Hydration
2 9 Si
Q° Q1 Q2 Q3
-7 0 .8
(2 2 .7 )(28 d)
-7 0 .8
(3 4 .6 )
-7 0 .7
(3 0 .7 )
-7 0 .7
(4 5 .2 )(24 h)
-7 8 .0  -8 3 .6
(5 7 .7 )  (1 9 .6 )
-7 8 .1  -8 3 .4
(5 3 .5 )  (1 3 .2 )
- 7 8 .0  -8 3 .5
(4 6 .6 )  (8 .2 )
-40 -6 0  -8 0  -100
PPM
•9 0 .9
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07Fig. 36 . Al MAS NMR spectra, chemical shifts (ppm), and the relative area % 
(in parentheses) for hydration of OPC + silica fume (1 0 :1) samples as a function of 
time containing 10  % by weight of Pb(ll).
(W ater/C em en t/S ilica  Fum e/Pb(ll) = 0 .7 /1 .0 /0 .1 /0 .1 )
Cure Time Chemical Shifts and Area %
Al[6]
7 .0
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Fig . 37 . Si MAS NMR spectra, chemical shifts (ppm), and the relative area % 
(in parentheses) for hydration of OPC + silica fume (10:1) samples as a function of 
time containing 10 % by weight of Pb(ll).
(W ater/C em en t/S ilica  F um e/Pb(ll) = 0 .7 / 1 .0 /0 .1 /0 .1 )
C ure  T im e Chemical Shifts and Area % % Hydration
2 9 Si
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27F ig . 38 . Al MAS NMR spectra, chemical shifts (ppm), and the relative area %
(in parentheses) for hydration of OPC + silica fume (10:1) samples as a function of
time containing 10 % by weight of Cr(VI).
(W ater/C em en t/S ilica  Fum e/Cr(VI) = 0 .7 /1 .0 /0 .1 /0 .1 )
Cure Time Chemical Shifts and Area %
Al[4]
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F ig . 39 . Si MAS NMR spectra, chemical shifts (ppm), and the relative area % ' 
(in parentheses) for hydration of OPC + silica fume (10:1) samples as a function of 
time containing 10 % by weight of Cr(VI).
(W ater/C em en t/S ilica  Fume/Cr(VI) = 0 .7 /1 .0 /0 .1 /0 .1 )
C ure T im e Chemical Shifts and Area % % Hydration
2 9 Si
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Fig. 40. 2 7 AI NMR data, Atom Percent vs. Hydration Time (a, b, c) and 2 9 Si NMR 
data, % Hydration vs Hydration Time (d).
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CHAPTER 12
In this chapter, 2 7 AI and 2 9 Si MAS NMR results for 28 d cured OPC + 
organoclay (1 0 :1 ), and OPC + bentonite (10:1) sam ples and the effects of 10% 
addition of As(lll), Pb(ll), and Cr(VI) on their hydration will be discussed.
12.1. Hydration of OPC + Organoclay (10:1) and Effect of 
Addition of 10% As(lll), Pb(ll) and Cr(VI)
The organoclay used in the present study is a quaternary ammonium exchanged 
bentonite. The ammonium salt used to prepare the organoclay has two methyl and two 
reactive carboxylate groups, a s  reported by its m anufacturer, but has not been 
further characterized.
Fig. 41 and Fig. 42 show 2 7 AI and 2 9 Si MAS NMR results for 28 d cured 
sam ples. Comparing these results with those of OPC alone (Fig. 4, Table 6 ), it is 
observed that after 28 d, OPC + 10% organoclay has almost the sam e degree of 
alum inate and silicate hydration for the controls a s  for all the three w aste- 
containing [(Aslll), Pb(ll), Cr(VI)] recipes. Addition of As(lll) in OPC + 10% 
organoclay gives 69% silicate hydration, Pb(ll) gives 77% silicate hydration, while 
Cr(VI) gives 52% silicate hydration as  com pared with the control (OPC + 10% 
organoclay), which gives 72% silicate hydration. Thus Cr(VI) retards silicate 
hydration significantly, while As(lll) and Pb(ll) have alm ost the sam e degree of 
silicate hydration as  control. Similar behavior of these w astes w as observed toward 
OPC hydration. TCLP leachate concentrations are 3 mg/L for As, 16 mg/L for Pb 
and 2400 mg/L for Cr. C om pared with The TCLP leachates from OPC alone
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containing the w astes, the organoclay containing sam ples give leachates containing 3  
times more Pb, about 2 times less Cr and almost the sam e amount of As.
Both organoclay and bentonite have been used  for successful solidification 
/stabilization of organic w astes (47, 58). Our results show that this combination of 
OPC and organoclay improves containment for Pb(ll) as  compared with OPC alone and 
holds a good promise for As(lll) containment, but not much for Cr(VI).
12.2. Hydration of OPC + Bentonite (10:1) and Effect of 
Addition of 10% As(lll), Pb(il) and Cr(VI)
Fig. 43 and Fig. 44 show 27AI and 29Si MAS NMR results for 28 d hydration of 
these recipes. Aluminate hydration for OPC + bentonite is the sam e as for the three 
w aste-containing recipes. As(lll) retards silicate hydration by 5%, Pb(ll) gives 
the sam e % silicate hydration, while Cr(VI) re tards silicate hydration by 9% 
com pared with the control (OPC + bentonite).
The 28 d samples of OPC, OPC + organoclay and OPC + bentonite give the sam e % 
silicate hydration (73%). Hence addition of these clays does not improve degree of 
silicate hydration when added to OPC.
Addition of As(lll) retards silicate hydration of OPC by 12% com pared with OPC 
alone, retards silicate hydration of OPC + organoclay by 5% com pared with OPC + 
organoclay , and retards silicate hydration of OPC + bentonite by 5% com pared with 
OPC + bentonite. Thus, addition of these clays to OPC subdues the retarding effect of 
As(lll) on OPC silicate hydration com pared with OPC without these  clays.
Addition of Pb(ll) retards silicate hydration of OPC by 5% com pared with OPC 
alone, accelerates silicate hydraiion of OPC + organoclay by 6% com pared with OPC
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+ organoclay , and gives the sam e silicate hydration for OPC + bentonite. Thus 
organoclay addition to OPC reversed the retarding effect of Pb(ll) on OPC hydration 
com pared with OPC without organoclay, and leveled the retarding effect of Pb(ll) on 
silicate hydration of OPC + bentonite com pared with OPC + bentonite.
Addition of Cr(VI) retards silicate hydration of OPC by 27% com pared with OPC 
alone, retards silicate hydration of OPC + organoclay by 29% com pared with OPC + 
organoclay , and retards silicate hydration of OPC + bentonite by 9% com pared with 
OPC + bentonite. Thus, addition of organoclay to OPC does not appreciably change the 
retarding effect of Cr(VI) on OPC hydration com pared with OPC without organoclay, 
but bentonite addition to OPC does decrease  this retarding effect by 67% com pared 
with OPC without bentonite.
TCLP leachate concentrations for the 28 d sam ples are 30 mg/L As, 1.4 mg/L Pb 
and 1700 mg/L Cr. Thus, addition of bentonite improves Pb(ll) containment 97% 
as  com pared with OPC and 91% com pared with OPC + organoclay, but As(lll) 
containment is decreased  93% in OPC + bentonite com pared with OPC and 90% 
com pared with OPC + organoclay. Cr(VI) containment is improved 18% com pared 
with OPC and 29% compared with OPC + organoclay.
Hence organoclay and bentonite addition to OPC does show, at least in some cases, 
som e promise for improving the deleterious effects on OPC hydration as well as  on 
its leaching characteristics.
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Fig . 41 . 2 7 AI MAS NMR chemical shifts (ppm) and assignments (relative area % 
in parentheses) for spectra for 28 d cured OPC + Organoclay (10:1) samples 
containing 10% by weight of: ( a )  OPC + Organoclay alone; ( b )  As(lll); ( c )
Pb(ll); and ( d )  Cr(VI).
(W ater/C em en t/O rg an o c lay /ln o rg an ic  = 0 .5 /1 .0 /0 .1 /0 .1 )
S am ple  No. Chemicai Shifts and Area %
Al[4] Al[6]






( 8 . 1 )
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( 6 . 2 )
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8.3
(8 9 .2 )
8 .4
( 9 1 . 5 )
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2QFig . 42 . Si MAS NMR chemical shifts (ppm) and assignments (relative area % . 
in parentheses) for spectra for 28 d cured OPC + Organoclay (10:1) samples 
containing 10% by weight of: ( a )  OPC + Organoclay alone; ( b )  As(lll); ( c )
Pb(ll); and (d )  Cr(VI).
(W ater/C em en t/O rganoc lay /lno rgan ic  = 0 .5 /1 .0 /0 .1 /0 .1 )
Sam ple No. Chemical Shifts and Area % % Hydration
2 9 Si
Q° Q1 Q2  Q3
(4 8 .4 )
(2 3 .0 )
(3 0 .9 )
(2 7 .5 )
i
-7 8 .6  -8 3 .9
(5 3 .6 )  (1 5 .5 )
- 7 8 .7  -8 4 .1
(4 8 .7 )  (2 3 .8 )







2 7Fig . 43 . Al MAS NMR chemical shifts (ppm) and assignments (relative area % 
in parentheses) for spectra for 28 d cured OPC + Bentonite (10:1) samples 
containing 10% by weight of: ( a )  OPC + Bentonite alone; ( b )  As(lll); ( c )
Pb(ll); and (d )  Cr(VI).
(W ater/C em en t/B en to n ite /In o rg an ic  = 0 .5 /1 .0 /0 .1 /0 .1 )
S am ple  No. Chemical Shifts and Area %
Al[4] Al[6]
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Fig . 44 . Si MAS NMR chemical shifts (ppm) and assignments (relative area % 
in parentheses) for spectra for 28 d cured OPC + Organoclay (10:1) samples 
containing 10% by weight of: ( a )  OPC + Bentonite alone; ( b )  As(lll); ( c )
Pb(ll); and (d )  Cr(VI).
(W ate r/C em en t/B en to n ite /ln o rg an ic  = 0 .5 /1 .0 /0 .1 /0 .1 )
Sam ple No. Chemical Shifts and Area % % Hydration
-7 0 .7
(3 5 .6 )
-7 0 .6
(2 6 .4 )
-7 0 .8
(3 0 .8 )
-7 0 .7
i. X i
- 7 8 .6  -8 4 .3
(6 4 .7 )  (4 .5 )
-7 9 .1  -8 4 .5
(4 9 .3 )  (2 3 .6 )







13C CPMAS NMR StUDIES OF PHENOLS SOLIDIFIED IN 
OPC
In chapter 3 and in the introduction, a  detailed survey about the interactions 
betw een organics and hydrating com ponents of cem ent has  been  given. This 
interaction has been mainly studied using SEM (123), XRD and FTIR (20) and by 
doing pore solution analysis. For the first time, solid-state 13C NMR study w as done 
to determine the nature of phenols solidified in a cem ent matrix.
Fig. 45 exhibits the results of 13C CPMAS NMR spectra for the phenols used in 
the present studies (phenol, pBP and pCP) and their calcium salts synthesized in the 
laboratory. The peak at about 155 ppm in spectrum (e) and (d) corresponds to the 
ipso  carbon atom (attached to oxygen of the hydroxyl group) of phenol and pBP 
respectively. pCP also exhibits this peak at about 155 ppm (not shown in Fig. 45). 
In spectrum  (e) of phenol, the small peak at 115.8 ppm is from two ortho carbons, 
the peak at 121.7 ppm is from the para carbon and the peak at 130.2 ppm is from 
the two m eta carbons in phenol. Spectrum (d) is for pBP, and in this spectrum the 
two peaks from ortho and para carbons merge into a  broad peak, and the peak from 
the ipso carbon appears at 115.4 ppm.
O ne way to resolve such overlapping peaks from solid sam ples is to spin the 
sample at a  higher spin rate. These spectra were obtained at 3 KHz spin rate. Some 
of the sam ples were spun at 10 KHz spin rate , but absolutely no improvement in the 
resolution was observed. All these chemical shifts are in exact agreem ent with their
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chem ical shifts reported  in the literature for their solution NMR spectra .
There are many exam ples of salts of such hydroxides in which the chemical shift 
for the ipso  carbon shifts down-field by about 1 0  ppm upon formation of a  salt 
(Sadiler Research Labs., Inc. 1976). Recently (139), the Ca salt of phenol has been 
characterized by FTIR and 13C CPMAS NMR techniques. Chemical shifts for the Ca 
salt of phenol w ere reported as: 162.5 for the ipso  carbon, 119.5 for ortho and 
para carbons and 131 for m eta carbons. In the calcium salt of phenol in Fig. 45 (c), 
the ipso carbon appears at 162.9 ppm, ortho and para carbons appear at 118.1, and 
meta carbons appear at 129.8 ppm. Thus, ipso  carbon shifts about 7.5 ppm down- 
field. Similarly, chem ical shifts for ipso  carbon in calcium salt of pBP shifts 
down-field by 7.2 ppm, and in Ca salt of pCP by 7.4 ppm, while chemical shifts for 
the other carbons remain almost unchanged.
FTIR studies of the three phenols and their salts were done also. The spectra 
were obtained under identical conditions a s  Nujol mulls of the sam ples. The spectra 
of phenol, pBP and  pC P exhibit broad  absorp tion  a t about 3370 cm ' 1 , 
characteristic of hydrogen-bonded OH groups. But Ca salts of these phenols exhibit 
no such hydroxyl absorption. Spectra  of all the three sa lts  are similar to the 
published sp ec tra  of C gH gO C aO H ; the phenol half-salt (139), with a  sharp  
absorption at 3630 c m '1 .
Fig. 46 shows 13C CPMAS NMR spectra of phenols solidified in OPC. Spectrum
(a), (b) and (c) have chem ical shifts for ipso  carbons at about 160 ppm and the 
peak around 156 for an unionized phenol is absent. Thus, phenol, pBP and pCP are 
present exclusively as  calcium salts in cem ent paste. But this is not always the case. 
Spectrum (d) in Fig. 46 shows the chemical shift for the ipso  carbon at 156 ppm,
and spectrum (e) shows that there is partial conversion of pBP to its Ca salt, since 
both peaks appear. Spectrum  (f) in the sam e figure show that the sam e mixture 
which showed no salt formation after 7 d (spectrum d), now has all the pBP present 
in the salt form. Therefore, such sa lt formation with phenols d ep en d s  upon 
concentration, the type of the added waste, and cure time.
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Fig. 45. C CPMAS NMR spectra for (a) calcium salt of pBP, (b) calcium salt 











Fig. 46. C CPMAS NMR spectra for phenols solidified in OPC, with cure times 
(a) OPC + 10 % phenol, 2  m, (b) OPC + 10 % pBP, 1 y, (c) OPC + 10 % pCP 1 
y, (d) OPC + 0.01 M C d(N 03 )2  + 0.01 M pBP, 7 d, (e) OPC + 0.01 M Pb(N 03 )2  











In this chapter, 2 7 AI and 2 9 Si MAS NMR results for hydration of Lumnite 
cem ent and Refcon cem ent sam ples a s  a  function of time, and the effects of 10% 
addition of As(lll), Pb(ll) and Cr(VI) on the hydration will, be discussed.
14.1. Hydration of Lumnite Cement
27Fig. 47 and Table 23 show the A! NMR results for hydration of Lumnite and 
Lumnite + 10% As(lll) a s  a function of time. Lumnite has 94% Th Al while OPC had 
22% Th after 4 h. Similarly, Lumnite has 34% T^, while OPC showed 18% after 
8  h hydration. But after 8  h, the degree of aluminate hydration is almost the sam e as 
for Lumnite and OPC.
Lumnite has 58% less S i0 2  content and 89% more Al2 0 3  content than OPC has. 
Moreover, in high-alumina cem ents CA is the major phase , which hydrates at a 
slower rate than CgA a s  d iscussed  in chapter 2. Therefore the slower rate of 
aluminate hydration at early s tag es  is responsible. 2 9 Si NMR spectrum  for 28 d 
hydrated Luminte sam ple show s no silicate hydration a t all, and rem ains in 
unhydrated form.
14.2. Effect of 10% As(lll) Addition on Hydration of 
Lumnite
Addition of 10% As(lll) in Lumnite accelerates aluminate hydration until 4 h and 
forms 73% more Oh Al than the control does, but after 4 h, As(lll) retards 
aluminate hydration very badly at all s tag es  com pared with the control (Lumnite
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alone). This behavior of As(lll) toward alum inate hydration is very similar to 
As(lll) behavior toward OPC hydration (Fig. 1 1 , Table 13). Fig. 48 A shows 2 9 Si 
MAS NMR results for 28 d sam ples of Lumnite and Lumnite containing 10% As(lll), 
Pb(ll) and Cr(VI). B ecause of low silica content, only 28 d sam ples were run since 
the time required for signal acquisition is much longer, making the hydration data at 
shorter times much less meaningful. For the sam ples shown in Fig. 48 A, there is no 
em ergence of any silica polymer in any recipe containing Lumnite. TCLP leaching 
showed 140 mg/L As in the leachate of a 28 d sam ple of Lumnite + 10% As(lll) a s  
com pared to leachate concentration for As with any other cem ent combination. Poor 
aluminate hydration and 0 % silicate hydration might be the cau se  of such poor 
immobilization.
14.3. Effect of 10% Pb(ll) Addition on Hydration of 
Lumnite
Fig. 48 show s 2 7 AI NMR results for hydration of Lumnite + 10% Pb(ll) 
sam ples as  a function of time. There is an acceleration in aluminate hydration until 
4 h, and after 4 h, Lumnite + 10% Pb(ll) has 9% less Th Al than the control. 
However after that, Pb(ll) retards aluminate hydration com pared with the control. 
The effect of Pb(ll) on Lumnite aluminate hydration is not as  drastic a s  that of 
As(lll), and after 28 d, Lumnite + Pb(ll) shows 4% Th Al com pared with 41% for 
Lumnite + As(lll). Pb(ll) also retarded aluminate hydration in OPC + 10% Pb(ll) 
until 24 h, but after that the degree of aluminate hydration was the sam e as  for OPC 
alone (Fig. 5, Table 7). After 28 d, Al[4] atom percents are almost the sam e for 
OPC, OPC + Pb(ll), Lumnite and Luminte + Pb(ll).
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Fig. 48 A shows Si NMR results for a 28 d sam ple of Lumnite + 10% Pb(ll). 
There is no evidence of silicate hydration. TCLP leaching showed 400 mg/L Pb in the 
leachate of a 28 d sam ple of Lumnite + 10% Pb(ll), which corresponds to high lead 
mobility com pared to other cem ent combinations investigated in this study.
14.4. Effect of 10% Cr(VI) Addition on Hydration of 
Lumnite
27AI MAS NMR results for this combination are shown in Fig. 48 and Table 24. 
Cr(VI) also accelerates aluminate hydration until 4 h (5 % less Th Al com pared with 
the control), but after that greatly retards aluminate hydration com pared with the 
control. Thus after 28 d, Lumnite + Cr(VI) has 29% Th Al com pared with 6 % Th Al 
in the control. Cr(VI) accelera ted  alum inate hydration in OPC until 16 h, but 
retarded it after that com pared with OPC alone. After 28 d, Lumnite + Cr(VI) has 
29% Th Al while Cr(VI) + OPC had 6 % Th Al (Fig. 12, Table 14).
Fig. 48 A show that Lumnite + 10% Cr(VI) also gives 0% silicate hydration 
after 28 d. TCLP leachate concentration showed 2300 mg/L Cr for this sam ple as 
com pared with OPC + Cr(VI) 28 d leachate concentration of 1400 mg/L Cr and OPC 
with no added  gypsum + Cr(VI) 28 d leachate  concentration of 2400 mg/L Cr. 
Incom plete alum inate and  silicate hydrations might be the  c a u se  of poor 
immobilization of Cr(VI) in this matrix.
14.5. Hydration of Refcon Cement
Fig. 49 and Table 25 show 27AI MAS NMR results for hydration of Refcon cem ent 
and Refcon + 10% As(lll) as a  function of time. Refcon has 61% Al2 0 3  com pared
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with 48% AlgOg in Lumnite and 5% AlgOg in OPC. Fig. 49 show that aluminate 
hydration is slower than that of Lumnite until 16 h, presumably because  of higher 
alumina content, but after that it is almost com parable with aluminate hydration of
Lumnite or OPC. Fig. 50 A show s 0% silicate hydration for a 28 d Refcon sample.
14.6. Effect of 10% As(llS) Addition on H y d r a t i o n  of
Refcon
Fig. 49 and Table 25 show  that As(lll) retards aluminate hydration from the 
very beginning to 28 d com pared with the control (Refcon alone). But after 28 d 
Refcon + As(lll) h as  27 % Th Al com pared with 41% Th in Lumnite + As(lll). 
H ence, after 28 d As(lll) re tards Refcon alum inate hydration 34% less than it 
retarded Lumnite alum inate hydration. Fig. 50 A show 0% silicate hydration for 
Refcon + 10% As(lll) after 28 d. The TCLP leachate concentration for this sample 
w as 150 mg/L As, almost the sam e a s  for Lumnite + 10% As(lll).
14.7. Effect of 10% Pb(ll) Addition on Hydration of
Refcon
Fig. 50 and Table 26 show 2 7 AI NMR results for hydration of Refcon + 10% 
Pb(ll) and Refcon + 10% Cr(VI) sam ples as  a  function of time. Addition of Pb(ll) 
c au ses  severe retardation of aluminate phase  hydration until 7 d, but after 28 d Th 
Al contents are similar to the control, or Lumnite + 10% Pb(ll) or OPC + 10% 
Pb(ll). Fig. 50 A show 0 % silicate hydration for Refcon + Pb(ll) 28 d sample. The 
TCLP leachate  concentration for Pb w as 680 mg/L, 41% more com pared with 
Lumnite + Pb(ll) leachate concentration. Refcon has 50% less silica and 22% more 
alumina com pared with Lumnite silica and alumina concentration respectively. The
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absence of C-S-H ; the phase  responsible for ultimate strength in hydrated cem ent, 
is obviously playing an important role in fixing of w aste in these  low silica cem ents, 
and no silicate hydration again may be the cau se  of such poor immobilization of 
Pb(ll) in this matrix.
14.8. Effect of 10% Cr(VI) Addition on Hydration of
Refcon
Fig. 50 and Table 26 show the results of 27AI NMR studies for hydration of this 
admixture as  a function of time. Although aluminate hydration goes at almost the 
sam e rate as  for the control until 8  h, but a  severe  retardation of alum inate 
hydration is observed after that stage com pared with the control. The 28 d sam ple 
has 44% Th Al com pared with 4% for the control, 29% for Lumnite + 10% Cr(VI) 
and 6% for OPC alone. Fig. 50 A shows 0% silicate hydration for this combination. 
The TCLP leachate concentration for Cr w as 1900 mg/L for a 28 d sample compared 
with 2300 mg/L Cr for Lumnite + Cr(VI), 1400 mg/L Cr for OPC + Cr(VI) and 
2400 mg/L Cr for Portland cem ent with no added gypsum + Cr(VI).
Thus, these  two high-alumina but low-silica cem ents show no silicate hydration 
either with or without the w astes. As(lll) and Cr(VI) show incomplete aluminate 
hydration after 28 d, but Pb(ll) show s alm ost com plete alum inate hydration 
com pared with the respective controls. Both cem ents show poor containment for the 
three w astes. Major phases in the hydrating pastes of these cem ents are CgAHg and 
AH3  (133). Other researchers (140) have also observed that se t of high-alumina 
cem ent pastes  is considerably influenced by the addition of very small quantities of 
chemical com pounds, and both cations and anions have a  profound effect on the
chemical reactions which cause  the hardening of these cem ents.
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Fig. 47. 2 7 AI MAS NMR sp ectra  for hydration of Lumnite cem ent (left), and
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Fig. 48. Al MAS NMR spectra  for hydration of Lumnite + 10 % by weight of 
Pb(ll) (left), and Lumnite + 10 % by weight of Cr(VI) (right) a s  a  function of 
time.
(Water/Cement/Pb(ll) or Cr(VI) = 0.5/1.0/0.1)









Fig. 48 A. Si MAS NMR spectra, chem ical shifts (ppm), and the relative a rea  %
(in paren theses) for 28 d cured Lumnite sam ples containing 10 % by weight of (a)
Lumnite alone, (b ) As(lll), (c ) Pb(ll), and (d) Cr(VI).
(Water/Cement/Inorganic = 0.5/1.0/0 .1)
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Fig. 48 B. 2 7 AI NMR data, Atom Percent vs. Hydration Time (a, b, c, d).
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Fig. 49. 27AI MAS NMR spectra  for hydration of Refcon cem ent (left), and Refcon
containing 10 % by weight of As(lll) (right) as a  function of time.
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Fig. 50. 2 7 Al MAS NMR spectra  for hydration of Refcon + 10 % by weight of
Pb(ll) (left), and Refcon + 10 % by weight of Cr(VI) (right) a s  a  function of time.
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Fig. 50 A. 2 9 SI MAS NMR spectra, chemical shifts (ppm), and the relative area % 
(in p aren theses) for 28 d cured Refcon sam ples containing 10  % by weight of (a) 
Refcon alone, (b ) As(lll), (c) Pb(ll), and (d) Cr(VI).
(Water/Cement/Inorganic = 0.5/1.0/0.1)
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CHAPTER 15
0 7  OQ
The results of Al and Si MAS NMR studies for hydration of white cem ent 
and white cem ent containing 10% by weight of As(lll), Pb(ll) and Cr(VI) a s  a 
function of time will be discussed in this chapter.
15.1. Hydration of White Cement
Fig. 51 and Table 27 show 27AI and 2 9 Si NMR results for hydration of white 
cem ent sam ples as  a function of time. There is no significant difference between its 
aluminate hydration com pared with OPC (Fig. 4, Table 6 ). In silicate hydration, Q° 
appears after 4 h while in OPC it appeared  after 8  h. After 16 h, there is a  gradual 
d ecrease  of % silicate hydration com pared with OPC silicate hydration. After 28 d, 
white cem ent has 15% less Q9  and 8 % more Q 1 than OPC, while Q2  contents are 
almost the sam e. In OPC, major changes in Si atom population takes place between 3 
d and 7 d, while in white cem ent these take place between 7 d and 28 d. After 28 d, 
white cem ent gives 6 % less silicate hydration com pared with OPC.
15.2. Effect of 10% As(lll) Addition on Hydration of 
White Cement
Fig. 52 and Table 28 show the results of 2 7 AI and 2 9 Si NMR studies for this 
recipe. A little retardation of aluminate ph ase  is observed at all s tag es  com pared 
with the control (white cem ent alone). Silicon spectra  show an increase in silicate 
hydration until 7 d com pared with the control. After 28 d white + As(lll) has 63% 
silicate hydration com pared with 6 8 % for the control. OPC + As(lll) also showed
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similar behavior; an increase in % silicate hydration until 24 h and after that a 
decrease  in % silicate hydration com pared with OPC alone (Fig. 11, Table 13). The 
TCLP leachate concentration for As w as 1.7 mg/L for 28 d sample of white cem ent + 
10% As(lll), while for OPC + 1 0 % As(lll), it w as 2.1  mg/L As. H ence, both 
cem ents give a  good containment of As(lll).
15.3. Effect of 10% Pb(ll) Addition on Hydration of
White Cement
2 7 A! and 2 9 Si NMR for this study are given in Fig. 53 and Table 29. These
results show that Pb(ll) retards aluminate hydration until 24 h com pared with the 
control, but after 3 d, aluminate hydration is the sam e as  for the control. Silicate 
hydration is also retarded until 3 d com pared with the control. The 7 d sample shows 
24% increase in % silicate hydration, but the 28 d sam ple has the sam e % silicate 
hydration as  the control. In OPC + 10% Pb(ll) in Fig. 5, Table 7, silicate hydration 
was retarded at all stages com pared with OPC alone. The TCLP leachate concentration 
for Pb w as 1 mg/L for the 28 d sam ple com pared with 48 mg/L for OPC + 10% 
Pb(ll). No retardation in silicate hydration after 28 d com pared with the control 
might be the cause  for good immobilization of Pb(ll) in the white cem ent matrix.
15.4. Effect of 10% Cr(VI) Addition on Hydration of
White Cement
2 7 AI and 2 9 Si NMR for this study are given in Fig. 54 and Table 30. A little 
acceleration is seen  at 4 h, but in general, retardation of alum inate hydration is 
observed after that com pared with the control. Silicate hydration is significantly
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retarded at all s tages com pared with the control. The 28 d sam ple has only 43% 
silicate hydration com pared with 6 8 % for the control. White cem ent + 10% Cr(VI) 
shows a  37% decrease  in silicate hydration for the 28 d sam ple com pared with the 
control, while OPC + 10% Cr(VI) show ed a  27% d ecrease  in silicate hydration 
compared with its control. The TCLP leachate concentration for Cr for a  28 d sample 
w as 2000 mg/L, while for OPC + 10% Cr(VI), it w as 1400 mg/L. The relative 
d ecrease  in % silicate hydration just described is in agreem ent with the leaching 
differences between the two recipes.
Among the three w astes discussed, As(lll) increases % silicate hydration until 7 
d and retards after 28 d, Pb(ll) retards silicate hydration until 3 d , accelera tes 
after 7 d and gives the sam e am ount of silicate hydration after 28 d, and Cr(VI) 
retards silicate hydration at all s tag es  com pared with the control. White cem ent 
proved to be a better fixing agent than OPC for As(lll) and Pb(ll) but not for Cr(VI).
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Fig. 51. ^ A l  (left) and (right) MAS NMR sp ectra  for hydration of white
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Fig. 52. 2 7 AI (left) and 2 9 Si (right) MAS NMR sp ec tra  for hydration of white
cem ent sam ples as  a function of time containing 10 % by weight of As(lll).
(Water/Cement/As(lll) = 0.5/1.0/0.1)
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Fig. 53. 2 7 AI (left) and 2 9 Si (right) MAS NMR sp ec tra  for hydration of white
cem ent sam ples as a function of time containing 10 % by weight of Pb(li).
(Water/Cement/Pb(ll) = 0.5/1.0/0.1)
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Fig. 54. 2 7 AI (left) and 2 9 Si (right) MAS NMR sp ec tra  for hydration of white
cem ent sam ples as a function of time containing 10 % by weight of Cr(VI).
(Water/Cement/C r( VI) = 0.5/1.0/0.1)
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Fig. 54 A. 2 7 Al NMR data , Atom Percent vs. Hydration Time (a, b, c, d) and 
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In, this chapter, 2 ^AI and 2 9 Si MAS NMR results for hydration of Portland
cem ent type 1A sam ples a s  a  function of time and the effects of 10% addition of
As(lll), Pb(ll) and Cr(VI) on the hydration will be d iscussed.
16.1. Hydration of Portland Type 1A Cement
Fig. 55 and Table 31 show the 2^AI and 29Si MAS NMR results for hydration of 
Portland cem ent type 1A. Aluminate hydration proceeds a  bit slower, while silicate 
hydration is a bit faster com pared with OPC alone (Fig. 4, Table 6 ). The major
differences in aluminate hydration com e in the period from 8  h to 7 d, while for
silicate hydration the differences come between 16 h and 3 d, com pared with OPC 
alone. Type 1A cem ent has 8% more Q 1 units than OPC had after 28 d, while Q2  
units show the sam e population as  OPC alone. Thus Portland cem ent type 1A favors
O A
formation of Q units at the expense of Q units, com pared with OPC. Type 1A also 
favors formation of Q 1 and Q2  from 8  h to 3 d period at the expense of Q ° units 
compared with OPC alone.
16.2. Effect of 10% As(lil) Addition on Hydration of
Portland Type 1A Cement
Fig. 56 and Table 32 show the 2 ^AI and 29Si MAS NMR results for hydration of 
Portland cem ent type 1A containing 10% by weight of As(lll). Arsenite accelerates 
aluminate hydration up to 16 h but retards at a  3 d cure time com pared with the 
control (type 1A). Arsenite also accelerated aluminate hydration in OPC (Fig.11,
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Table 13) at 4 h and 8  h, but retarded from 16 h to 7 d com pared with OPC alone. 
Thus in the ca se  of type 1A cem ent, the arsenite retarding effect ended earlier 
compared to its effect on OPC.
Silicate hydration is significantly increased  at 4 h cure time (67%), but 
decreased  considerably from 3 d to 28 d com pared with the control (13% after 28
1 9d). There are 8 % more Q units but 63% less Q units com pared with the control 
after 28 d. Hence arsenite does not favor formation of Q2  units after 28 d when added 
to type 1A cem ent. Addition of arsenite had similar effects on OPC silicate hydration 
(Fig. 11, Table 13).
16.3. Effect of 10% Pb(Ii) Addition on Hydration of 
Portland Type 1A Cement
Fig. 57 and Table 33 show that addition of 10% lead retards aluminate hydration 
significantly until 24 h, but has alm ost the sam e degree  of hydration after that 
com pared with the control. OPC + 10% Pb(ll) did not show similar results in this 
regard (Fig. 5, Table 7); alum inate hydration w as accelera ted  a little at 4 h, 
remained the sam e at 8  h, but greatly retarded between 16 h to 24 h com pared with 
OPC alone. Thus lead has different behavior toward aluminate hydration in these two 
cem ents at early s tages, it retards aluminate hydration in OPC from 8  h to 24 h 
com pared with OPC alone, while it accelerates aluminate hydration in type 1A at 4 h, 
and retards from 16 h to 24 h compared with type 1A alone.
Lead has a retarding effect on silicate hydration until 3 d but accelerates it after 
28 d com pared with the control. This retarding effect is greatest between 16 h and 
24 h. This behavior of lead is quite opposite to its behavior toward OPC silicate
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hydration (Fig. 5, Table 7), where lead retarded silicate hydration significantly at 
all s tag es  com pared with OPC alone. After 28 d, OPC + 10% Pb(ll) had 5% less 
silicate hydration com pared with OPC alone, while type 1A has 9% more silicate 
hydration com pared with type 1A alone. Hence Pb(ll) accelera tes type 1A silicate 
hydration after 28 d com pared with OPC silicate hydration.
16.4. Effect of 10% Cr(VS) Addition on Hydration of
Portland Type 1A Cement
Fig. 58 and Table 34 show the NMR results for this combination. Addition of 
Cr(VI) accelera tes aluminate hydration at 4 h, but retards it in general after that 
time until 28 d com pared with the control. Cr(VI) also accelera ted  aluminate 
hydration until 13 h, but retarded it in general after that time when mixed with OPC 
alone.
Chrom ate addition retards silicate hydration at all s tag es  com pared with the 
control, with the greatest retardation (52%) coming at 24 h. The 28 d sample has
22% less silicate hydration com pared with the control. Cr(VI) also retarded OPC
silicate hydration at all s tag es  (Fig. 12, Table 14) com pared with OPC alone, with 
the largest retardation (59%) found at 24 h cure time. The 28 d sam ple had 27% 
less silicate hydration com pared with OPC alone. Hence the behavior of Cr(VI) is 
similar toward hydration of both aluminate and silicate phases in OPC and Portland 
cem ent type 1A.
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Fig. 55. Al (left) and 2 9 Si (right) MAS NMR spectra  for hydration of Portland
cem ent type 1A sam ples as a function of time.
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Fig. 56. Al (left) and Si (right) MAS NMR spectra for hydration of Portland 
cem ent type 1A sam ples as  a function of time containing 10 % by weight of As(lll).
(Water/Cement/As(lll)» 0.5/1.0/0 .1)
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Fig. 57. 2 7 AI (left) and 2 9 Si (right) MAS NMR spectra  for hydration of Portland
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Fig. 58. 2 7 AI (left) and 2 9 Si (right) MAS NMR spectra  for hydration of Portland
cem en t type 1A cem en t sa m p les  a s  a function of time containing 10 % by w eight of
Cr(VI).
(Water/Cement/Cr(V!) = 0 .5/1.0/0.1)
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F ig. 58 A. 2 7 AI NMR d ata, Atom P ercent v s . Hydration Time (a, b, c, d) and 2 9 S i 
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CHAPTER 17
This chapter deals with 27 Al and 29Si MAS NMR results for hydration of sam ples
of Portland cem ent with no added gypsum as a  function of time, and the effects of 10%
addition of As(lll), Pb(ll) and Cr(VI) on its hydration will be discussed.
17.1. Hydration of Portland Cement with no Added
Gypsum
Fig. 5 9  and Table 35  sh ow  the 2 7 AI and 2 9 Si MAS NMR results for hydration of 
this cem ent. The sam ple cured for 4  h h as alm ost sa m e d egree of aluminate hydration 
a s  OPC (Fig.4, Table 6), and after that alum inate hydration is retarded. The 24  h 
sam p le h as the grea test retardation (74%) com pared with the corresponding OPC  
sam p le. This retardation w a s u nexpected , b e c a u se  gypsum  is added  in cem en t to 
retard th e alum inate hydration to avoid  quick se t, which in turn d e c r e a s e s  the  
com pressive strength of the cem en t. The type of hydration products is determ ined by 
the con tent of the liquid p h a se  of the hydrating p a ste , and in particular, by the 
con ten t o f C a2 + , S 0 4 2 ', OH‘ and alkali m etal ions (69). D epending upon the 
chem ical com position of the cem ent, the liquid p h a se  undergoes rapid ch a n g es mainly 
at the initial s ta g e s  of hydration.
Looking at the silicate hydration, there is 7  % more hydration at 4 h, retardation 
from 8 h to 7  d, and 7% more silicate hydration at 28  d com pared with OPC alone. 
Thus, Portland cem en t with no added gypsum  sh ow s accelerated  silicate hydration at 
4 h and at 28  d, but retarded hydration betw een  th e se  tim es a s  com pared with OPC. 
Retardation is g rea test (21% ) at 7 d cure tim e. M oreover this cem en t favors
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formation of Q9 units com pared with OPC alone, which appear at 7 d and 28 d.
17.2. Effect of 10% As(lll) Addition on Hydration of 
Portland Cement with no Added Gypsum
Fig. 60  and Table 36 sh ow  2 7 Al and 2 9 Si MAS NMR results for this com bination. 
The results sh ow  that arsenite addition a cce lera tes  alum inate hydration significantly 
until 24  h; more b etw een  4  h to 8  h and le s s  b etw een  16 h to 24  h, and retards 
alum inate hydration from 3 d to 28  d com pared  with the control (PC without extra 
gypsum  only). Arsenite when added  to O PC, accelerated  alum inate hydration until 8 
h, but retarded after that (Fig. 11 , Table 13) com pared with O PC alone. Thus this 
accelerating behavior of A s(lll) is more prolonged in the a b se n c e  of extra gypsum  
com pared with OPC + 10% As(lll).
Com pared with the control, As(lll) in crea se s  silicate hydration from 4 h to 24  h, 
g iv e s  sa m e  silicate hydration at 7  d but retards by 14 % after 2 8  . It b eh a v es  
similarly toward OPC silicate hydration, accelerating until 16 h, the sa m e  hydration 
at 24 h, and retarding silicate hydration after that com pared with OPC alone. Again  
like alum inate hydration, A s(lll) prolongs the silicate acceleration period in PC with 
no added  gypsum  com pared with OPC + 10% A s(lll). OPC + As(lll) g ives 12% le s s  
silicate hydration com pared with OPC alone, while Pc with no added  gypsum  g iv es  
14% le s s  silicate hydration com pared  with the control after 28  d of cure time. The 
TCLP leach ate concentration for A s w a s 3  mg/L com pared with 2  mg/L for OPC + 
10% A s(lll). H en ce both c e m e n ts  proved  g o o d  for A s(lll) fixation. A major 
difference found b etw een  the two fixing a g en ts  is that PC with no added  gypsum  +
O
A s(lll) g iv e s  Q units which start appearing after 3  d cure tim e, w hile OPC +
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As(lll) did not sh ow  any Q3 units at any sta g e .
17.3. Effect of 10% Pb(ll) Addition on Hydration of
Portland Cement with no added Gypsum
2 7 AI and 2 9 Si MAS NMR results are show n in Fig. 61 and Table 37 . Com pared  
with the control, addition of lead retards alum inate hydration from 4 h to 16 h, g ives  
the sa m e  hydration at 24  h, retards again  at 3  d, g iv es  sa m e hydration at 7 d and  
a cce lera tes  alum inate hydration at 28  d . In OPC + 10% Pb(ll) (Fig. 5 , Table 7), 
lead  a cc e lera tes  alum inate hydration at 4  h, g iv es  the sa m e  hydration at 8 h, and  
retards from 16 h to 24  h, but after that no significant ch a n g e  w a s  ob serv ed  
com pared with OPC alone.
Addition of Pb(ll) retards s ilica te  hydration significantly from 4 h to 24  h, 
a cce lera tes  from 3 d to 7 d but retards again after 28  d com pared with the control. 
In OPC + 10% Pb(ll), lead  retarded silicate hydration at all s ta g e s  com pared with 
OPC alone. The 28  d sam ple of OPC + 10% Pb(ll) g a v e  5% le s s  silicate hydration
com pared with OPC alone, while PC with no added gypsum  + 10% Pb(ll) g a v e  6%
le s s  silicate hydration com pared with the control. Here a lso  Q3 units are observed  
after 3 d cure time while OPC + Pb(ll) did not sh ow  any such  units. 2  mg/L of Pb 
w a s found in the TCLP leach ate  while OPC + 10% Pb(ll) sh ow ed  4 8  mg/L in the  
TCLP leach ate . T hus Portland cem en t with no added  gypsum  proved to b e  a  much  
better stabilizer for Pb(ll) com pared with OPC.
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17.4. Effect of 10% Cr(VI) Addition on Hydration of
Portland Cement with no Added Gypsum
P 7  OQ
Al and Si MAS NMR results are shown in Fig. 62 and Table 38 . Compared  
with the control, alum inate hydration is retarded at 4  h, the sa m e at 8 h, accelerated  
a little from 16 h to 24  h, retarded at 3  d, the sa m e at 7  d and accelerated  after 28  d 
. In OPC + Cr(VI) (Fig. 12 Table 14) alum inate hydration is accelerated  from 4  h to 
8 h, but retarded after that com pared with OPC alone. Behavior of Cr(VI) looks quite 
different com pared with its behavior in OPC.
S ilicate hydration is  d ec r e a se d  at 4  h, in creased  from 8 h to 3  d and again  
d e c r e a se d  from 7 d to 28  d com pared  with the control. In OPC + 10% Cr(VI), 
silicate hydration is d ecr ea sed  at all s ta g e s  com pared with OPC alone. The TCLP 
leach ate  concentration for Cr w as 2 4 0 0  mg/L com pared with 1400 mg/L for OPC + 
10% Cr(VI). H ence PC with no added gypsum  w as a  poor agent com pared with OPC  
for chrom ate fixing.
O ne reason  for having ups and dow ns in alum inate and silicate hydration of the 
adm ixtures d isc u sse d  might be the fact that b e c a u se  of few er su lfate ions in the  
hydrating p a ste , there is l e s s  coagulation  and m ore mobility of the liquid p h a se  
resulting in the ob served  variations.
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Fig. 59. 2 7 AI (left) and 2 9 Si (right) MAS NMR spectra  for hydration of Portland
cem ent with no extra added gypsum sam ples a s  a function of time.
(Water/Cement = 0.5/1.0)
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F ig . 60 . 2 7 AI (left) and 2 9 Si (right) MAS NMR sp ectra  for hydration of Portland  
cem en t with no extra added gypsum  sam p les a s  a function of time containing 10 % by 
w eight o f As(lll).
(W ater/Cement/As(lll) = 0 .5/1.0/0.1)
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Fig. 6 1 .2 7 AI (left) and 2 9 Si (right) MAS NMR spectra  for hydration of Portland
cem ent with no extra added gypsum sam ples as  a  function of time containing 10 % by
weight of Pb(ll).
(W ater/Cement/Pb(ll) = 0.5/1.0/0.1)
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Fig. 62. 2 7 AI (left) and 2 9 Si (right) MAS NMR spectra  for hydration of Portland
cem ent with no extra added gypsum sam ples a s  a function of time containing 10 % by
weight of Cr(VI).
(Water/Cement/Cr(VI) = 0.5/1.0/0.1)
      r
1 0 0  0
PPM









-40 -6 0  -8 0  -100
PPM
197
Fig. 62 A. *^AI NMR data, Atom P ercent v s . Hydration Time (a , b, c , d) and ^®Si 
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CHAPTER 18
HYDRATION OF DIFFERENT CEMENTS IN PRESENCE OF 
As(lll), Pb(ll) and Cr(VI) ADDED TOGETHER
97 9Q
Al and Si MAS NMR stud ies w ere done to s e e  the com bined effect of As(lll), 
Cr(VI) and Pb(ll) added together in different cem en ts. The results are show n in Fig. 
63  and T able 3 9 . Every w a ste  u sed  in the present stu d ies h as b een  added  in an
amount corresponding to10%  by weight of the cem ent.
OPC The 28  d cured OPC sam ple had 3% Al[4], OPC + A s(lll) had 7% Al[4], 
O PC + Pb(ll) had 3% Al[4], OPC + Cr(VI) had 6% Al[4], while OPC with the three 
w a ste s  ad d ed  togeth er g iv e s  8% Al[4]. T hus there is no significant d ifference  
b etw een  alum inate hydration com pared with th ese  other recipes.
T he silicate hydration for 28 d cured OPC w a s 73% , for OPC + As(lll) 64%, for 
O PC + Pb(ll) 69% , for OPC + Cr(VI) 53% , while OPC with the three w a ste s  added  
together h as only 28%  silicate hydration. Thus silicate hydration for OPC with the 
three w a ste s  added together is significantly retarded com pared with all of th ese  other 
recipes.
OPC + Fly A sh  T y p e F (1:1) The 28 d sam ple of OPC + FA g a v e  10% Al[4],
62%  Al[4] for OPC + FA + A s(lll), 10% Al[4] for OPC + FA + Pb(ll), 11%  Al[4]
for O PC + FA + Cr(VI), while OPC + FA with the three w a ste s  added together g ives  
20%  Al[4]. Thus the three w a s te s  ad d ed  togeth er retard alum inate hydration  
com pared  with the control and  OPC + FA + Cr(VI), g iv es  the sa m e  com pared  with 
OPC + FA + Pb(ll), and a cce lera te  alum inate hydration significantly com pared  with
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OPC + FA + As(lll).
The 28 d sam ple of OPC + FA had 95%  silicate hydration, OPC + FA + As(lll) 
75% , OPC + FA + Pb(ll) 84% , OPC + FA + Cr(VI) 77% , while OPC + FA with all 
th ese  w a ste s  added together h as 34%  silicate hydration. Thus OPC + FA with As(lll), 
Pb(ll) and Cr(VI) added  together retards silicate hydration com pared with any of the 
m entioned recipes, specially  the control.
W h ite  C e m e n t T he 2 8  d cured w hite cem en t sam p le had 5% Al[4], white + 
A s(lll) had  8% Al[4], w hite + P b(ll) 3% Al[4] and w hite + Cr(VI) 9% Al[4], 
while white cem en t with th ese  three w a ste s  added together h as 3% Al[4]. Thus there 
is no significant difference b etw een  alum inate hydration in all th ese  recipes w hether 
w a ste s  are added separately or together in white cem ent.
Looking at the silicate hydration, 2 8  d cured white cem en t sam p le  had 68%  
silicate hydration, white + A s(lll) had 63% , white + Pb(ll) had 69%  and white + 
Cr(VI) had 43%  silicate hydration, while w hite cem en t with th e se  w a ste s  added  
together h as 29%  silicate hydration. Thus, addition of th ese  w a ste s  together retards 
silicate hydration significantly com pared with all the other recipes m entioned.
P ortlan d  C em en t w ith  n o  A d d ed  Gypsum T he 28  d cure PC with no added  
gypsum  had 10%  Al[4], with A s(lll) it had 15%  Al[4], with Pb(ll) had 4% Al[4] 
and with Cr(VI) had 5% Al[4], while this cem en t with th ese  w a ste s  added  together  
sh ow s 11% Al[4]. Thus adding th ese  w a ste s  separately or together d o e s  not m ake a  
significant d ifferen ce w hen  com paring d e g r e e  of alum inate hydration of th e s e  
com binations.
T he 28  d cured Portland cem en t with no ad d ed  gypsum  had 78  % silicate  
hydration, 67%  with A s(lll) , 73%  with Pb(ll) and with Cr(VI) it had 60%  silicate
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hydration, while this cem en t with th e s e  w a ste s  ad ded  togeth er h a s 23%  silicate  
hydration. H ence addition of As(lll), Pb(ll) and Cr(VI) together in PC with no added  
gypsum  retards silicate hydration of 28 d sam p les com pared with either the control 
or the cem ent with th ese  w a stes  added individually.
P o r t la n d  C e m e n t T y p e  1A  T his c e m en t sh o w e d  8% Al[4] after 28  d 
hydration. 1A + A s(lll) had 7% Al[4], 1A + Pb(ll) 9% Al[4] and 1A + Cr(VI) had  
11% aluminum in tetrahedral coordination, while 1A with 10% of each  w a ste  added  
together gave 37% Al[4] after 28 d cure time. Thus addition of th ese  w a ste s  together  
in 1A significantly retards alum inate hydration com pared  with either the control or 
with the other recipes m entioned.
P ercent silicate hydration va lu es sh ow  that 1A had 76%  silicate hydration, 66%  
with A s(lll), 85%  with Pb(ll) and 59%  with Cr(VI), while 1A with th e se  w a ste s  
added together sh ow s 21% silicate hydration after 28  d. Thus the three w a ste s  added  
together very badly retard silicate hydration com pared with either the control or 1A 
with th ese  w a stes  added individually.
O PC  + S ilica  F u m e (10 :1 ) The 28  d sam ple of OPC + silica fum e exhibited  
2% Al[4], with A s(lll) 5% , with Pb(ll) 6% and with Cr(VI) it sh o w ed  0% Al[4]. 
OPC + silica fum e with th ese  three w a stes  added together g a v e  4% Al[4] after 28 d. 
H en ce th e se  w a ste s  either ad ded  individually or togeth er g ive  a lm ost the sa m e  
alum inate hydration after 28  d.
S ilicate hydration for 28 d cured sam ple of OPC + silica  fum e w a s 92% , with 
A s(lll) w as 77% , with Pb(ll) w a s 92% and with Cr(VI) w a s  92% . OPC + silica  
fum e with th ese  w a ste s  added  together sh ow s 74% silicate hydration after 28  d and 
therefore retards silicate hydration com pared with either the control or OPC + silica
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fum e with th ese  w a stes  added separately.
A lthough the OPC + S i 0 2 + A s(lll) + Pb(ll) + Cr(VI) com bination retards 
silicate hydration com pared with either the control or OPC + S i0 2 with th ese  w a ste s  
added  separately, but only this com bination g iv es  the h ighest % hydration com pared  
with all the other cem en ts  with the three w a ste s  added  together d isc u sse d  in this 
chapter.
P y ra m en t C e m en t This cem en t had 10% A[4] after 28  d, 26%  with A s(lll), 
7% with Pb(ll) and 4% with Cr(VI), while with th ese  w a ste s  added  together sh o w s  
34%  Al[4] after 28  d. H en ce addition of A s(lll), Pb(ll) and Cr(VI) together c a u s e s  
sev e re  retardation of alum inate p h a se  hydration com pared with either the control or 
with th ese  w a stes  added individually.
T he 28  d cured Pyram ent cem en t g a v e  71%  silicate hydration, with As(lll) 80%  
, with Pb(ll) 46%  and with Cr(VI) 75%  silicate hydration. T he 28  d sa m p le  of 
Pyram ent with th e s e  w a s te s  ad d ed  togeth er g iv e s  34%  silica te hydration, and  
therefore retards silica te hydration significantly com pared  with either the control 
or with th ese  w astes added separately.
R e fc o n  C e m en t This high alum ina cem en t had 4% Al[4] after 28  d hydration, 
27%  with A s(lll), 3% with Pb(ll) and 44%  with Cr(VI), w hile with th e s e  w a s te s  
added  together it h as 14% Al[4] after 28  d. Thus the R efcon + As(lll) + Pb(ll) + 
Cr(VI) com bination retards alum inate hydration com pared  with the control, R efcon  
+ Pb(ll), but a cc e lera tes  alum inate hydration com pared  with R efcon + A s(lll) and  
R efcon + Cr(VI) 28  d sa m p les.
The percent silicate hydration for the 28  d sam p le of Refcon a lone, with A s(lll), 
Pb(ll) and Cr(VI) added  sep arately  or together , sh o w s no silicate hydration at all. 
H ence th ese  w a stes  have no effect on silicate hydration of Refcon cem ent.
T h e se  m ixed metal sy s te m s  p resent many additional opportunities for chem ical 
tran sform ation s which ca n  resu lt in sign ifican tly  d ifferen t b eh a v io r  during  
solidification and during su b seq u en t leach ing. In the p resent c a s e ,  two particular 
interactions are of obvious; o n e  is p o ssib le  formation of very insoluble salt, lead  
chrom ate, and the other is  an oxidation-reduction  reaction b etw een  A s(lll) and  
Cr(VI) to p roduce As(V) and Cr(VI). All of th e s e  transform ations m ight sh o w  
substantial effects on cem en t hydration.
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Fig. 63. 2 7 AI (left) and 2 9 Si (right) MAS NMR sp ectra  for 28 d cured different
cem ents containing 10 % by weight of each As(lll); Cr(VI) and Pb(ll).
(Water/Cement/Inorganic = 0.5/1.0/0.1)
Cem ent
( R e f c o n )
( P y r a m e n t )
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Al and Si MAS NMR results for 28  d cured Pyram ent cem en t sam p les and  
Pyram ent cem en t contain ing 10% by w eight of A s(lll), Pb(ll) and Cr(VI) will b e  
d iscussed .
Fig. 64 and Table 4 0  sh o w  NMR results for 28  d sa m p les . Aluminum atom  
percen t v a lu e s  sh ow  that addition of A s(lll) retards alum inate hydration by 63% , 
Cr(VI) a cc e lera te s  alum inate hydartion by 23%  and Pb(li) a cc e lera te s  it by 54%  
com pared with Pyrament cem en t alone. 28  d cured OPC sam p les g a v e  3% Al[4], 7% 
with A s(lll) , 6% with Cr(VI) and 3% Al[4] with Pb(ll). T hus results of 28  d 
cured OPC sa m p les  sh o w  that w hen ad ded  in O PC , A s(lll) and  Pb(ll) retard 
alum inate hydration by about 55% , but Cr(VI) g iv e s  alm ost the sa m e  Al[4] atom  
percent com pared a s  OPC alone. Therefore after a  28 d cure time, As(lll) acts a s  a  
significant retarder of alum inate hydration for both OPC and Pyrament, but more for 
Pyram ent cem en t than for O PC  com pared  with their resp ective  controls. Pb(ll) 
retards OPC aluminate hydration com pared with OPC alone but a ccelera tes Pyrament 
alum inate hydration com pared  with Pyram ent a lon e . Cr(VI) a cc e lera tes  Pyram ent 
alum inate hydration com pared with Pyrament alone but OPC and OPC + Cr(VI) have  
alm ost the sa m e  Al[4] atom percent (~3%).
P ercent silicate hydration for Pyram ent cem en t (71%) and for OPC (73%) are 
alm ost the sa m e  after 28 d cure time. R esu lts for 28  d cured sa m p les  sh ow  that 
addition of A s(lll) in Pyram ent a c c e le r a te s  silica te  hydration by 11% , Pb(ll) 
retards it by 35%  and Cr(VI) acce lera tes  it by 5% com pared with Pyrament alone.
R esu lts for 2 8  d cured sa m p les  for OPC sh ow  that addition of As(lll) retards
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s ilica te  hydration by 12% , P b(ll) retards by 5% and Cr(VI) retards by 27%  
com pared  with O PC a lo n e . T herefore after 28  d hydration, A s(lll) a c ts  a s  a 
accelerator for Pyram ent silicate hydration com pared with Pyram ent alone but acts  
a s  a  retarder for OPC silicate hydration com pared with OPC alone. Pb(ll) a c ts  a s  a  
significant retarder for Pyram ent silicate hydration com pared with Pyram ent alone  
and a cts  a s  a mild retarder for O PC silicate hydration com pared with OPC alone. 
Cr(VI) a c ts  a s  mild acce lera to r  for Pyram ent silica te  hydration but a c ts  a s  a 
significant retarder for OPC silicate hydration com pared with OPC alone.
Thus th ese  results sh ow  that Pyram ent cem en t sh o w s quite different alum inate 
and silicate hydration trends com pared with OPC. This is a  surprising result, sin ce  
Pyrament cem ent is com p osed  of OPC with a rather minor addition of fly ash.
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F ig . 64 . 2 7 AI (left) and 2 9 Si (right) MAS NMR sp ectra  for 2 8  d cu red  Pyrament 
cem en t sa m p les  contain ing 10 % by w eight of (a ) Pyram ent c e m en t a lon e; (b )  
A s(lil); ( c )  Cr(Vi); and (d )  Pb(ll).
(W ater/Cement/Inorganic = 0 .5 /1 .0 /0 .1)
S a m p le  No.
- 4 0 - 6 0 - 8 0  - 1 0 0
-1 0 0100 0
PPM
CHAPTER 20
27A! AND 29Si MAS NMR STUDY OF RESIDUES OF 
TCLP AND pH 5 BUFFER LEACHING
This chapter d e a ls  with NMR results for 28  d cured OPC sa m p les  containing  
organic w a ste s  (e th y len e glycol, phenol, pBP and pCP), and a lso  OPC containing  
A s(lll), As(V ), Cr(lll), Cr(VI) and Pb(ll). Each w a ste  w a s m ixed with tne cem en t  
separately  in an am ount corresponding to 10 % by w eight relative to cem en t. Both 
TCLP and pH 5 leach in gs w ere d one for each  recipe, and the resid u es, a s  well a s
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unleached  sa m p les , w ere characterized by Al and Si MAS NMR. The results of 
this study are described  below .
20.1. OPC Leaching in Different Media
The 28  d cured OPC sa m p les  w ere leach ed  using the TCLP, pH 5 buffer and  
deion ized  water. Fig. 65  and T able 41 sh ow  NMR results for 28  d cured OPC  
sam p les. The results sh ow  that unleached OPC h as 27% Q ° units, 49%  Q 1 units and
O
24%  0 °  units giving 73% silicate hydration, white after deion ized  water teaching or 
TCLP teaching, the population of th ese  silicate units and % silicate hydration ch an ge  
significantly com pared with unleached  O PC. Leaching with deionized  water g iv es  no 
Q 3 units, while TCLP teaching g iv es  12% Q3 units. 2 7 AI NMR results sh ow  that a s  
the pH of the teaching medium g o e s  down (b ecom es more acidic), 0 ^  Al ch a n g es  back  
to Th Al.
In the c a s e  of deion ized  water teaching, the pH of the teaching medium w as 12.0
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while the pH of the TCLP leaching m edium , w here an acidic solution w a s u sed  for 
leaching w as 11.8. Therefore the results su g g es t that a s  pH of the leaching medium  
d e c r e a se s , the possibility o f formation of higher silicate polym ers in crea ses , h en ce  
pH 5  buffer leaching produces Si atom s only in cross-linking (Q4 ).
20.2. Comparison Between Effects of Phenol, p-
Bromophenoi and p-Chlorophenol on OPC Hydration
T h ese  phenols (10% by weight relative to OPC) w ere added to OPC, and 2 7 AI and
o q
Si NMR spectra w ere obtained after a 7 d cure time. The results in Fig. 66  and 
Table 42 sh ow  that after 7  d cure none of th e se  phenols h as a significant effect on 
OPC alum inate hydration com pared with OPC alone, while % silicate hydration va lu es  
sh ow  that addition of pCP c a u s e s  a  36%  d ecrea se , pBP c a u s e s  a 28%  d ecrea se  and  
phenol c a u s e s  a  66% d ecr ea se  in silicate hydration com pared with OPC alone. H ence  
am ong th ese  organics, phenol h as the greatest retarding effect on silicate hydration of 
OPC.
NMR data for 28 d cured OPC sam p les containing th ese  phenols show ed  that OPC  
g a v e  73%  silicate hydration, OPC + 10% phenol g a v e  42%  silicate hydration, while 
OPC + pBP and OPC + pCP g ave  72% and 71% silicate hydration, respectively. 2 9 Si 
MAS NMR for TCLP resid u es sh ow ed  91% silicate hydration for OPC alone, 86% for 
OPC + phenol, and 91%  for both OPC+ pBP and OPC + pCP. H ence NMR stud ies for 
both unleached  sam p les and TCLP residues su g g est that after 7 d and after 28  d of 
cure time, phenol retards silicate hydration m ore than pBP and pC P do, com pared  
with OPC alone. The concentrations of phenols in the TCLP leach ates from 28 d cured  
sa m p les  w a s 4 7 0 0  mg/L for OPC + phenol, 2 4 3 0  mg/L for OPC + pBP, and 3220
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mg/L for OPC + pCP, show ing that none of the phenols is effectively immobilized.
Aluminate hydration for th e se  adm ixtures is not ch an ged  significantly com pared  
with OPC alone.
20.3. Effect of Phenol, Phenol + Pb(ll), Phenol + Cd(ll) 
and Ethylene Glycol on OPC Hydration
Fig. 6 7  and Table 43  sh o w  the results for th e se  rec ip es m ade from 10% by 
weight (relative to OPC) of cem en t and cured for 28  d. T h ese results show  that OPC  
+ phenol + C d (N 0 3 )2 g iv e s  a lm ost the sa m e  % silicate hydration while O PC + 
p henol, OPC + phenol + P b (N 0 3 )2 and OPC + eth y len e g lycol retard silicate  
hydration com pared  with O PC a lo n e . T he com bination of phenol and Pb(NO g )2  
retards silica te hydration very  badly com pared  with other rec ip es . Alum inate  
hydration for OPC + phenol + P b (N 0 3 )2 is a lso  retarded by 75%  com pared with 
OPC alone, while other recipes ga v e  alm ost the sa m e % Al[4] a s  OPC alone g ives.
NMR for the TCLP resid u es (Fig. 68, Table 44) show  that all th ese  recipes g ive a 
residue with le s s  silicate polym erization com pared with the TCLP residue from OPC  
alone. Compared with the TCLP residue from OPC alone, OPC + phenol, OPC + phenol 
+ C d (N 0 3 )2 , OPC + EG give a  TCLP residue which contains 25%  more orthosilicate, 
while OPC + phenol + P b (N 0 3 )2 residue g iv es  61%  more orthosilicate. The amount 
of orthosilicate remaining and the proportion of Q4 units produced by the leaching  
p ro cess  are m ea su res  of the exten t to which the mature cem en t matrix is being  
destroyed during leaching.
Leaching with pH 5 buffer solution produces from 81%  to 88%  Th Al for th ese  
com binations and for OPC a lo n e  (Fig. 69, Table 4 5 ), while pH 5 leaching g iv es
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silicate units for all of th e s e  recip es just like spectrum  (c) in Fig. 6 5 . The TCLP 
leach ate  concentration for organ ics and m etals from th e se  sa m p les  are show n in 
Table 45 A. The TCLP and pH 5 leach ate concentrations for phenol are very high for 
all the three recipes show n, while Pb and Cd concentrations are very high for pH 5 
leachate com pared with its TCLP leachate concentrations. pH 5 leaching of OPC + EG 
g iv es  5 0 0 0  mg/L com pared with 4 6 6 0  mg/L in its TCLP leachate.
NMR resu lts  for pH 5 leach in g  re s id u es  s u g g e s t  that C -S-H , which is  the  
principal constituent of Portland cem en t h a s b een  com pletely  d estroyed ; a lso  the  
aluminate p h a se  is no longer predominantly in the O h form characteristic of hydrated  
OPC. T h ese  structural ch a n g es  produce a substantial effect on leaching behavior of 
the solidified cem en t matrix.
Effect of p-Bromophenol (pBP), pBP + Sodium Silicate, 
pBP + Pb(N03)2 , pBP + Pb(OH)2 , pBP + Cd(N03)2 , and pBP 
+ Cd(OH)2 on OPC Hydration
Fig. 70 and Table 46 sh ow  NMR results for th ese  28  d cured unleached  sam ples. 
Each w aste w as present in 10% by w eight relative to cem en t. Com pared with OPC  
alone, there is no significant d ifference b etw een  d eg ree  of alum inate hydration for 
th ese  adm ixtures excep t for OPC + Pb(OH)2 . C om pared with OPC a lon e , OPC + 
P b (O H )2 g iv e s  89%  m ore Al[4] and no s ilica te  hydration, w hile addition of 
C d (N O g)2 and Cd(OH)2 in crea se s  silicate hydration by 14% and 10% respectively. 
P b (N O g )2 g iv es  the sa m e  d eg ree  of silicate hydration, sodium  silicate d e c r e a se s  
silicate hydration by 8% com pared with OPC alone. There is a  trem endous amount of 
difference b etw een  the e ffec ts  of Pb(N O g)2 and Pb(OH)2 on OPC alum inate and  
silicate hydration, but not m uch d ifference b etw een  the effec ts  of C d(N O g)2 and
211
Cd(OH)2 .
Considering the NMR results for TCLP leach ed  resid u es (Fig. 71 , Table 47), it 
is ob served  that the adm ixtures have 27%  to 44%  le s s  Th Al com pared with the Th 
content in TCLP residue of OPC alone. Compared with OPC alone, addition of sodium  
silicate, pBP, pBP + C d (N 0 3 )2 , pBP + Pb(N O g)2 g iv es  alm ost the sa m e amount of 
orthosilicate rem aining after leach in g , w hile pBP + Cd(OH)2 g iv e s  49%  more 
orthosilicate and pBP + Pb(OH)2 g iv es  59%  orthosilicate com pared with the TCLP 
residue from OPC alone. T he results for pH 5  buffer leaching (not p resented  here) 
sh ow  similar behavior with resp ect to alum inate and silicate hydration a s  ob served  
in the c a s e  of phenol admixtures i.e; m ost of the Oh Al turning back to Th Al and all Si 
atom s present in Q4 form irrespective of the chem ical nature of the solidified w aste
TCLP and pH 5 leach ate  concentrations from the sa m p les  ab ove are show n in 
Table 48 A, and it is ob served  that immobilization of pBP is a lm ost unaffected  by 
ad d in g  C d(O H )2 or sod ium  silica te , but C d (N O g)2 addition in c r e a s e s  pBP  
concentration  in the lea ch a te  by 20% , P b (N 0 3 )2  by 27%  and Pb(OH)2 by 49% . 
Lead concentration in the TCLP leachate is increased  by 62% by going from Pb(OH)2  
to P b (N 0 3 )2 , while Cd concentration in TCLP leachate d o e s  not ch an ge by going from 
C d (O H )2 to C d (N 0 3 )2 . L eaching in a pH 5 solution d esta b ilizes  organic and  
inorganic w a ste s  solidified in OPC and in crea ses  their mobility by breaking down the 
structure of the hydrated p h a se s  in cem ent.
S in ce it w a s ob served  that 28  d cured OPC + pBP + Pb(OH)2 g a v e  no silicate  
hydration at all and alum inate hydration w as a lso  retarded severely  com pared with 
OPC alone, the sa m e recipe w as cured for 4 m onths. It w a s found that both silicate 
and alum inate hydrations w ere improved significantly (Fig. 72 , Table 48 ). The %
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silica te hydration for the u n leach ed  sa m p le  ch a n g ed  from 0% to 78%  , but % 
orthosilicate for the TCLP residue of the 28  d cured sam ple w a s alm ost the sa m e a s  
that for the TCLP residue of the 4 mon cured sam ple. The TCLP leachate of the 4 mon 
cured sam p le  g a v e  31 4 0  mg/L pBP and 30  mg/L Pb, while the 28 d cured sam ple  
ga v e TCLP leachate concentrations of 4 7 3 0  mg/L pBP and 25  mg/L Pb. H ence curing 
of this sa m p le  for 4  mon in c rea se s  pBP im m obilization by 34%  but d o e s  not 
sign ificantly  a ffect Pb im m obilization  com p ared  with pB P and Pb le a c h a te  
concentrations for the 28 d cured sam ple.
20.4. 27AI and 2®Si MAS NMR Studies for Unleached and 
Residues of TCLP and pH 5 Buffer Leached OPC Samples 
Containing 10% by Weight of As(lll), As(V), Cr(lll), 
Cr(VI) and Pb(ll).
Fig. 73 and Table 49  sh ow  2 7 AI and 2 9 Si MAS NMR results for 28  d cured OPC  
sa m p le s  contain ing 10%  by w eight of A s(lll), As(V ), Cr(lll), Cr(VI) and Pb(ll). 
The sa lts u sed  w ere N aA sO g, Na2 H A s0 4 *7H2 0 ,  C r(N 0g)3 «9H2 0 ,  Na2 C r 0 4 »4H2 0  
and P b (N 0 3 )2 .
T h ese  results sh ow  that A s(lll) and As(V) a ccelera te  the d eg re e  of alum inate 
hydration by 57%  and 62% , respectively , after 28  d com pared  with O PC a lon e . 
Cr(lll) and Cr(VI) a lso  a cce lera te  the d eg re e  of alum inate hydration by 51%  and  
100% , re sp ectiv e ly , w hile Pb(ll) g iv e s  a lm ost the sa m e  Al[4] atom  p ercen t  
com pared with OPC alone.
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Si data for th ese  recip es are profoundly different from o n e  an other and also  
com pared with OPC alone. A s(lll) and As(V) sh ow  12% and 15% retardation of
2 13
silicate hydration, respectively, com pared with OPC alone. The Q2  population in OPC  
+ As(lll) and O PC + As(V) is 46%  and 35%  le ss , com pared with OPC a lone. Thus 
after 2 8  d cure tim e, A s(lll) and As(V) a cce lera te  alum inate hydration but retard 
silicate hydration com pared with OPC alone and both w a ste s  do not help in silicate  
polym erization.
Cr(lll) and Cr(VI) and Pb(ll) retard silicate hydration by 52% , 27%  and 5%, 
respectively , com pared  with OPC a lon e. O PC + Cr(lll) h as 22%  and Cr(VI) h a s  
43%  le s s , while OPC + Pb(ll) h as the sa m e  population of Q2 units com pared with 
OPC alone.
Fig. 74  and Table 50  present NMR data for TCLP residues obtained from the sam e  
sa m p les. The alum inate p h a se  in the resid u es of adm ixtures sh o w s le s s  T^ content 
and the silicate p h a se  sh o w s more orthosilicate com pared with TCLP residue from 
OPC alone. Except for As(lll) and Pb(ll), all recipes sh ow  em erg en ce  of Q 3 units.
O
The Q proportions are a lso  higher com pared with the respective unleached  sam p les. 
T he d ifference b etw een  % orthosilicate for As(lll) and As(V) is alm ost the sa m e  a s  
o b serv ed  for u n lea ch ed  sa m p le s , but the d ifferen ce b etw een  Cr(lll) and Cr(VI) 
sa m p les  is much le s s  than ob served  for un leached  Cr(lll) and Cr(VI) sam p les. OPC  
+ Cr(lll) TCLP residue h as 35%  Q2 and 10% Q3 units, while the unleached  sam ple  
h as 16% Q2 units and no Q3 units. OPC + Cr(VI) a lso  sh ow s similar trends but to a  
sm aller extent com pared with OPC + Cr(lll). It s e e m s  that the least hydrated sam ple  
before leaching lea d s to the g rea test proportion of higher silicate units after TCLP 
leach ing . T hus, the p rese n c e  of unhydrated orthosilicate ions s e e m s  to help  in 
formation of such  higher units.
TCLP leach ate  concentrations are: 2.1 mg/L As for OPC + A s(lll), 1 .7  mg/L A s
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for OPC + As(V), 0 .4  mg/L Cr for OPC + Cr(lll), 1400  mg/L Cr for OPC + Cr(VI), 
and 48  mg/L Pb for OPC + Pb(ll).
Both As(III) and As(V) h a v e  arsen ic  in the form of an anion and have similar 
solubility characteristics under b a sic  conditions (120). H ow ever, the 28  d sam ple  
of OPC + As(V) sh ow ed  19% le s s  teachability com pared to OPC + As(lll). Cr(lll) is 
in cationic form, while Cr(VI) is in oxyanion form. H ence th e se  two chem ical forms 
of Cr sh o w  m arked d ifferen ce  b e tw e en  solubility ch a ra cter istic s  under b a s ic  
conditions, which m anifests itself very clearly both in teachability and NMR data. 
Poor immobilization of Cr(VI) and su c c e ssfu l immobilization of Cr(lll) have b een  
reported by other resea rch ers (1 1 1 , 126). Formation o f C r(0H )3 »nH2 0  g e l by 
Cr(lll) and ch rom ates by reaction of C r0 4 2 ' with C a2 + , K+ , and N a+ ions h ave  
b een  su g g ested  (126).
Fig. 75  and Table 51 sh ow  NMR data for pH 5 buffer leached  residues of the sam e  
28  d cured sa m p les . As ob serv ed  in earlier sec tio n s  of this chapter, pH 5 buffer 
leaching prod uces Al m ostly in Th form and Si in only Q4 form for all the recipes. 
Buffer leach ate concentrations are: 4 4 0 0  mg/L A s for OPC + A s(lll), 1820 mg/L As 
for OPC + As(V ), 4 8 2 0  mg/L Cr for OPC + Cr(lll), 4 9 6 0  mg/L Cr for OPC + 
Cr(VI) and 3 3 6 0  mg/L Pb for OPC + Pb(ll). There is a  big d ifference b etw een  As 
leachate concentrations for the two types of As sam p les.
T h ese  results show  that a s  pH of the leaching medium d e c r e a se s , immobilization 
of the metal ions a lso  d e c r e a se s  under the buffered conditions the b asic  character of 
the medium is com pletely overcom e, and the m etals sh ow  leachate concentrations that 
are higher b e c a u se  the m etals are generally  m ore so lub le under acidic conditions 
than under a q u eo u s conditions. In addition there is a  m a ss iv e  breakdown of the  
cem en t matrix at this low pH, a s  reported by other resea rch ers (50, 5 1 , 70 , 71).
The MAS NMR results for the leach ed  residues indicate such  breakdown of the cem ent 
matrix.
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Fig. 65. 2 7 AI (left) and 2 9 Si (right) MAS NMR spectra  for 2 8  d cured Portland 
cem en t type 1 sam p les: (a) deionized  water leached; (b) TCLP leached; (c ) pH 
5 buffer leached; and (d) unleached.
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Fig. 66 . 2 7 AI (left) and 2 9 Si (right) MAS NMR sp ectra  for 7  d cured Portland 
cem en t type 1 sa m p les  containing 10% by w eight of: (a ) phenol; (b ) pBP; (c )  
pCP; and (d) OPC alone.
(W ater/Cement/Organic = 0 .5 /1 .0 /0 .1)
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Fig. 67 . ^ A l  (left) and ^ 9S« (right) MAS NMR spectra  for 2 8  d cured Portland 
cem en t type 1 sa m p les  containing 10% by w eight of: (a ) phenol; (b ) phenol + 
P b (N O g )2 ; (c ) phenol + C d(N O g)2 ; (d) ethylene glycol; and (e ) OPC alone. 
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Fig. 68. 2 7 AI (left) and 2 9 Si (right) MAS NM R spectra  after TCLP leach ing of 
28 d cured Portland cem en t type 1 sa m p les  containing 10% by w eight of: (a) 
phenol: (b) phenol + Pb(N O g)2 : (c) phenol + C d(N O g)2 : (d) eth y len e  glycol; 
and (e) OPC alone.
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Fig. 69 . ^ A l  MAS NMR sp ectra  after pH 5 leach in g o f 2 8  d cured Portland  
cem en t type 1 sa m p les  containing 10% by w eight of: (a ) phenol; (b ) phenol + 
P b (N 0 3 )2 ; (c ) phenol + C d (N 0 3 )2 ; (d) ethylen e glycol; and (e ) OPC alone. 
(W ater/Cement/Organic/Inorganic = 0 .5 /1 .0/0.1/0.1)
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Fig. 70 . 2 7 AI (left) and 2 9 Si (right) MAS NMR sp ectra  for 28  d cured Portland 
cem en t type 1 sa m p le s  contain ing 10%  by w eight of: (a ) pBP; (b ) pBP + 
sod ium  silica te; ( c )  pB P + P b (N O g )2 ; (d )  pB P + Pb(O H )2 ; ( e )  pBP +' 
C d (N 0 3 )2 ; (f) pBP + Cd(OH)2 and (g ) OPC alone.
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Fig, 7 1 . 2 ^AI (left) and 2 9 Si (right) MAS NMR sp ectra  after TCLP leaching of 
28  d cured Portland cem en t type 1 sa m p les  containing 10%  by w eight of: (a )  
pBP; (b ) pBP + sodium  silicate; (c )  pBP + Pb(NOg)2 ; (d ) pBP + Pb(OH)2 ; 
(e ) pBP + C d (N 0 3 )2 ; (f) pBP + Cd(OH)2 and (e ) OPC alone.
(Water/Cement/Organic/Inorganic «  0 .5 /1 .0/0.1/0.1)
( 9 )










•100 -4 0  -6 0  -8 0  -1 0 0PPM
223
F ig. 7 2 . 2 7 AI (left) and 2 9 Si (right) MAS NMR sp ectra  for Portland cem en t  
type 1 sa m p les  containing 10% by w eight of: (a ) pBP + Pb(OH)2 , 4  mon cured  
TCLP leached; (b) 4  mon cured unleached and (c) 28 d cured unleached. 
(Water/Cement/Organic/Inorganic = 0 .5 /1 .0/0.1/0.1)
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Fig. 73 . 2 7 AI (left) and 2 9 Si (right) MAS NMR sp ectra  for 28  d cured Portland 
cem en t type 1 sa m p les  containing 10% by w eight of: (a ) OPC alone; (b) As(lll); 
( c )  As(V); (d )  Cr(lil); ( e )  Cr(VI) and (f) Pb(ll).
(Water/Cement/Inorganic = 0.5/1.0/0.1)
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Fig. 7 4 . 2 7 AI (left) and 2 9 Si (right) MAS NMR sp ectra  after TCLP leaching of 
28 d cured Portland cem en t type 1 sa m p les  containing 10% by w eight of: (a) OPC  
alone: (b )  As(lll); ( c )  As(V); (d )  Cr(lll); ( e )  Cr(VI) and (f) Pb(ll).
(W ater/Cement/Inorganic = 0.5 /1 .0 /0 .1)
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Fig. 75 . 2 7 AI (left) and 2 9 Si (right) MAS NMR sp ectra  after pH 5 leaching of 
28 d cured Portland cem en t type 1 sam p les containing 10% by weight of: (a) OPC  
alone: (b )  A s(lll); ( c )  As(V); (d )  Cr(lll); ( e )  Cr(VI) and (f) Pb(ll).
(W ater/Cement/Inorganic = 0 .5/1.0/0.1)
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CHAPTER 21
LEACHING EFFECTS ON SILICATE POLYMERIZATION - AN FTIR AND 
29SILICON NMR STUDY OF LEAD AND ZINC IN PORTLAND CEMENT
A bstract
Portland cem en t sa m p le s  d oped  with lead and zinc nitrate have b een  investigated  
u sing  2 9 g j  so lid -s ta te  NMR and Fourier-transform  infrared sp ec tro sco p y . R esu lts  
indicate that silicate polym erization is slightly en h anced  with lead doping and retarded in 
the p rese n c e  of zinc. Leaching stu d ies  reveal that silicate polym erization occurs when  
the sa m p les  are ex p o sed  to acidic leaching m edia. The d eg ree  of cross-linking is directly 
proportional to the acidity of the leaching solution, being pronounced w hen pH 5 buffers 
are em ployed . V alues for the U3 and U4 silicate infrared bands and the chem ical shifts of
the NMR active 2 9 Si nuclei (Q ° - Q4 ) are tabulated and d isc u sse d  in relation to the 




Solidification/stabilization (S /S ) often u s e s  cem en t and related m aterials in the 
treatm ent of hazardous w a ste s  which are in liquid or slu d ge forms to produce a  solid for 
land d isp o sa l. Key is s u e s  in a s s e s s in g  the e ffe c tiv e n e ss  of the treatm ent are the 
durability of the matrix produced  and its re s is ta n ce  to leach ing under a variety of 
conditions, important co n cern s in S /S  stu d ies therefore include characterization of the 
interactions of binding a g en ts  with the hazardous material and the e ffec ts  of leaching  
so lu tio n s on the solidified  matrix. S in ce  ground w ater m ay b e acid ic, and sin ce  
cem en titio u s m atrices are particularly a ffected  by acid ic a q u e o u s  so lu tio n s , it is 
important to d efin e the e ffec ts  a sso c ia te d  with acid ic leach ing. T he p resen t paper  
d escr ib es  sp ectroscop ic  stu d ies  of cem en t m atrices d op ed  with severa l heavy m etals, 
with stu d ies carried out both before and after acidic leaching.
Solid -state 2 9 Si nuclear m agnetic reson an ce (1) and Fourier transform infrared 
sp ec tro sco p y  (2) h a v e  b een  sh ow n  to be highly e ffec tiv e  to o ls  in elucidating the  
chem istry of solidified h azardous m aterials. T he chem ical shift of a  2 9 Si nucleus in 
silicates is dep en dent on the nature of the X group in Si-O-X. The chem ical shift ranges 
for o rth o silica te , S i 0 4 4 ' (Q °), term inal S i ( 0 S i ) 0 3 3 -, internal S i ( O S i ) 2 0 2 2 ‘ , 
b ran ch in g  S i ( 0 S i ) 3 0 ‘ (Q3 ) and cross-lin k ing units S i ( O S i )4 (Q4 ) h a v e  b een
docum ented (3), and the correlations have been  shown to be applicable to curing cem ent 
p a s te s  (4, 5). In addition, the u 3 and u 4 s ilica te IR vibrations can  b e correlated  to
varying d e g r e e s  o f c o n d en sa tio n  (6 ). W e report h ere the e f fe c ts  on  silica te  
polym erization w hen Portland cem en t sam p les containing lead and zinc are allow ed to 
cure and then subjected  to acidic leaching solutions.
Experimental
S a m p le  P rep a ra tio n . T ype I Portland cem en t produced by Ideal C em ent Com pany, 
Denton, T exas w as u sed  to prepare all sam p les. The water:cem ent ratio for the standard
2 2 9
sam ple w as 0 .4 . For the lead doped  sam p les (Pb-OPC) 1 g of lead nitrate and 9 g of dry 
cem en t (6 2 ,5 6 0  ppm Pb) w ere com bined  with 4  g of H2 0  (w:c = 0 .4 4 ). The zinc  
sa m p le s  (Zn-O PC) w ere prepared using Zn(NC>3 )2 -6 H20  (1 5 ,4 0 0  and  3 0 ,8 0 0  ppm) 
with a w ater:cem ent ratio of 0 .44 . S am p les w ere prepared in g la s s  v ia ls under stirring 
with a g la s s  stirring rod. The via ls w ere sea led  and m aintained at room tem perature  
during curing. W hen sp ectra  w ere taken on leach ed  sa m p les , the solid  residue after 
leaching w a s filtered and dried at 90  °C for 2 h.
In frared  s p e c t r a l  d a ta . Infrared sp ectra  w ere record ed  in the 4 0 0 -4 0 0 0  cm *1 
region using an IBM Model 4 4  FTIR instrument. S am p les w ere ground if n ecessa ry  and  
p ressed  in KBr d iscs .
NMR d a ta . S olid -state 2 9 Si NMR m easurem en ts w ere m ad e with a Bruker M SL-200  
sp ectrom eter. All sa m p le s  w ere spun in thick-wall Zirconia rotors holding a sam p le  
volum e of about 3 0 0  mg of solid. S am p les w ere spun with co m p ressed  nitrogen at a rate 
of 3 .5  kHz. C hem ical shifts are reported relative to tetram ethylsilane (TMS). S e e  Ref. 1 
for m ore d eta ils. In the p resen t stu d ies a relaxation delay  of 5  s  and 1000  sc a n s  
resulted in a signal to n o ise  ratio of 30  to 50.
L e a c h in g  S t u d ie s .  T C L P . Both lead  and zinc sa m p les  w ere subjected  to the TCLP 
(toxicity characteristic leaching procedure) a s  defined by the U S EPA (7) The p ro cess  
w as modified only in that the sam ple s ize  w as 10 g . T he leaching solution em ployed w as
0 .04  molar acetic  acid with an initial pH of 3 .0 . Owing to the b a sic  nature of hydrated  
Portland cem en t the final pH after 2 0  hours of leaching w as usually near 11-12.
B u ffer . A sodium  a ceta te -a cetic  acid buffer of pH 5 w as u sed  to com pare results to the 
unbuffered acid describ ed  ab ove. During the entire leaching period the pH rem ained at 5 
± 0 .1 . Apart from the nature of the leaching solution, the conditions w ere the sa m e  a s  
th o se  specified  in the TCLP, including the sa m e ratio of leaching solution to solid sam ple.
Discussion
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In both unhydrated ce m en t (OPC clinker) and tricalcium s ilica te  (C3 S) the  
predom inant silicon s p e c ie s  is the orthosilicate, S i0 44 (Table 2a), with a  sing le NMR 
re so n a n ce  line located  at -71 ppm relative to TMS. In hydrated OPC, solid  sta te 2 9 Si 
NMR sh ow s three bands due to orthosilicate, terminal Q 1, and internal Q2 , units. This is 
indicative of the formation of dim ers follow ed slow ly by formation of short linear and  
cy c lic  polym ers. T he following g en era lized  reaction s represen t the b a s ic  hydration 
p ro cess .




2  [S i0 2( 0 H ) 2]2 ' — ► H O -S I-O -S i-O H  + H20
O. O.
3 [S i0 2 ( 0 H ) 2 ]2 ' — ►  [H 0 (0 2) S i - 0 - S i ( 0 2 ) - 0 - S I ( 0 2) 0 H ] 6' + 2  H2 0
The main products of Portland cem en t hydration, calcium  hydrosilicates of the  
C 2S H 2 and CSH typ es, are d etected  in FTIR spectra from the \)3 , S i0 44' (asym m etric Si- 
O stretch ing) b a n d s lo ca ted  at 1 0 0 0 -9 8 0  cm *1 , u 4 (ou t-of-p lane S i - 0  bending) at 
5 2 5 - 5 4 6  c m -1 and u 2 (in -p lan e S i - 0  b en d in g ) at 4 5 7 -4 6 4  cm '1 (8 - 10). The 
intensity of the bending m od es is d ep en dent upon the d eg ree  of hydration in Portland 
cem en t. Normally, a  high d eg ree  of condensation  lowers the intensity of th e se  p eak s. A s 
polym erization  in c r e a se s  there is a lso  a  shift in u 3 to h igher en ergy  (6). If o n e  
com pares the silicate FTIR spectra of OPC, OPC containing P b (N 03)2  (Pb-O PC). and the 
Pb-O PC sa m p les  after leach ing (TCLP and buffer), it is apparent that the major band, 
u 3> is shifted (Table 1a). The center of this very strong band in OPC is located  at 978
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cm '1 and shifts to 988  cm '1 in lead-cem ent. W hen subjected  to the acetic  acid leaching  
solution for the TCLP test the band is broadened and shifts to even  higher energy at 1040  
cm *1. W hen the pH 5 buffer solution is u sed  for leaching, several w eak  bands b etw een  
6 0 0 -7 0 0  cm ' 1 are apparent, x>2 in c rea se s  in intensity, and \>4 is barely visible a s  a  
sh ou ld er. T he in ten se  u 3 p ea k  sh o w s  so m e  structure, with tw o c lo se ly  sp a c e d
absorptions cen tered  near 10 4 5  c m '1. The ab ove vibrational c h a n g e s  are indicative of 
in creased  polym erization of silicate units. A lso , the intensity of \)4 is a lw ays greater  
than that of x>2  in the u n lea ch ed  sa m p le s . H ow ever, after lea ch in g  the relative
intensities of th e se  bending m o d es is reversed . Apparently the out-of-plane deformation  
(i>4 ) b e c o m e s  m ore restricted a s  hydration, and the proportion of S i-O -S i linkages,
in crease .
A lthough lead  nitrate initially retards ce m en t setting , th e  e ffec t is ov erco m e  
after four w e ek s, and silicate condensation  is actually enhanced  com pared to OPC p astes. 
A lso in contrast to O PC p a ste s , the Pb-O PC sa m p les  show  substantial continued silicate 
condensation  up to at lea st o n e  year of curing, at which time the proportion of Q2 units is 
much higher than in O PC . A com parison of the relative intensities (area %) of Q °, Q 1 
and Q2- is show n in Table 2a . V alues fromTable 2a sh o w  a higher p ercentage of Q ° in OPC  
relative to Pb-O PC, while the chain end  units and internal units (Q 1 and Q2 ) are higher 
in the lead doped  cem ent. T h ese  results are in accord with the implications of the IR band  
shifts noted above.
An entirely d ifferent result is o b ta in ed  w h en  zin c is so lid ified  in Portland  
cem en t. After five m onths, the Zn-OPC sa m p le  sh o w s IR b an d s characteristic of the 
cem en t clinker and only a  single 29Si NMR band due to the orthosilicate sp e c ie s , Q °, at - 
7 1 .4  ppm. The material h as no strength and crum bles easily  w hen handled. A lso, when  
th e Pb-O PC  and Zn-O PC sa m p le s  are a llow ed  to dry in o p en  con ta in ers at room  
tem perature, the lead sa m p les  lo se  about 11% of the initial w ater ad ded  com pared to 
over 60%  for the zinc sa m p les . This is further ev id en ce  that m ost of the water in Zn-
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Fig. 1a. 2 9 Si MAS NMR sp ectra  of cem en t sa m p les  containing 10% by w eight 
P b ( N 0 3 )2 ; top: cured 28  days; middle: after TCLP leaching; bottom: after 
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Fig. 2a. ^Si MAS NMR spectra  o f cem en t sa m p les  containing 10% by weight 
Zn(NOg)2; top: cured 5  m onths; middle: cured  14 m onths; bottom: after 
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Table 1a 
SILICATE FTIR SPECTRAL DATA
Sample A ssign m en ts8
v 3 ^4 v 2
OPC clinker 9 9 6 sh b 5 2 2  s 4 6 2  m
9 3 7 sc
8 7 7 sh b
8 4 6 Shc
CPC 9 7 6 v s 5 3 4  m 4 6 2  w
Pb-OPC 9 8 8 v s 5 3 0  m 4 6 1  w
Pb-OPC 1 0 4 0 b r 5 2 0  sh 4 6 2  m
(TCLP)
Pb-OPC 1 0 4 2 s 5 2 0  sh 4 6 9  m
( B u f f e r )
Zn-OPC 9 3 7 sh 5 2 0  s 4 6 3  m
(5 m onths) 9 2 3 s
8 7 0 s
8 3 2 sh
Zn-OPC 1 0 0 3 b r 5 4 4  m 4 5 5  w
a)  x>2 = in-plane bending, a)3 = asym m etric S i-0  stretch, 1)4 = out-of-plane  
bending.
b ) assigned to C2S.
c ) assigned  to CgS.
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Table 2a
29silicon  chem ical sh if t s  a n d  a s sig n m e n t s8 f o r  lea d  a n d
ZINC DOPED PORTLAND CEMENT SAMPLES
Sample**
Q °
A s s ig n m e n ts 6 
Q1 Q2 Q3
O PC clinker - 7 1 . 2
(~ 100) - - -
OPC (28 d) - 7 1 . 5 - 7 9 . 5 - 8 4 . 5 .
( 3 2 ) ( 3 7 . 2 ) ( 3 0 . 9 ) -
OPC (12 m) - 7 0 . 8 - 7 8 . 9 - 8 4 . 6 ■ 9 4 . 6
( 9 ) ( 5 4 ) ( 3 5 ) ( 2 )
Pb-O PC (28  d) -7 1  .4 - 8 0 . 0 - 8 5 . 1 -
( 2 6 ) ( 4 3 . 3 ) ( 3 2 . 5 ) -
Pb-O PC (12 m) - 7 0 . 9 - 7 9 . 4 - 8 5 . 0 .
( 6 ) ( 4 8 ) ( 4 6 ) -
Pb-OPC -7 1  .4 - 8 2 . 5 - 8 4 . 8 .
(TCLP) ( 1 8 . 8 ) ( 3 6 . 8 ) ( 4 4 . 8 ) -
P-OPC
( B u f f e r ) - - - -
Zn-OPC (5 m) -7 1  .4 - - .
( 1 0 0 . 0 ) - - -
Zn-OPC (14 m) -7 1  .5 - 9 . 7 - 8 4 . 6 .
( 2 2 . 9 ) ( 5 1 . 2 ) ( 2 5 . 9 ) ■
Q4
-1 0 1 . 6  
( 1 0 0 . 0 )
a ) Relative area % in p aren th eses.
b )  S e e  E xperim ental for sa m p le  descrip tion . Length of cure is ind icated  in 
paren th eses, d = d ays, m = months.
c ) V alues listed are ppm relative to TMS, s e e  text for structures.
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O PC d o e s  not react with the clinker to form the normal hydration products. However, 
zinc sam p les kept in a c lo sed  container over 14 months do harden and NMR bands due to 
Q °  (22.9% ), Q 1 (51.2% ) and Q2 (25.9% ) are o b serv e d  (Table 2a). H ow ever, the 
relatively high proportion of Q 1 indicates that while the % hydration can  be considered  
to b e  relatively high b e c a u s e  orth osilica te  units are co n su m ed , th e  d e g r e e  of
polym erization of silicate units is low.
W hen the lead sa m p les  are leached , further ch a n g es  occur in the silicates. T hese  
reactions can b e conveniently monitored by solid-state NMR (Figure 1a). Com parison of 
Pb-O PC before and after the TCLP test sh o w s that leaching c a u s e s  Q2 to increase (44.8  
v s  32.5% ) and Q ° to d ecr ea se  (26 v s  18.4% ), indicating increased  con d en sation . More 
drastic ch a n g es  occur when the cem en t is ex p o sed  to a  pH 5 buffer solution for 20  hours. 
U nder th e se  con stan t acid ic cond itions the s ilica tes  react to form highly branched  
structures with and Q4 being the predom inant s p e c ie s .  T he sp ectra  are now  
com parable to th ose obtained for am orphous silica (11), but shifted som ew h at to lower 
field with the broad peak spanning the region a s  well a s  Q4 . Figure 2a sh ow s that the
sa m e transformations a s  a result of pH5 leaching occur with the Zn-OPC sam p les.
Sum m ary
Silicate hydration in Portland cem en t occurs under highly b a sic  conditions due to 
the formation of Ca(O H )2 . The reaction betw een  the orthosilicate ion and water also
p ro d u c e s  O H '. The d e g r e e  of polym erization, therefore, is restricted  by the high 
hydroxide ion concentration  (pH ~ 1 2 -13), with only short linear polym ers forming. 
W hen the solid cem en t is con tacted  by acid, calcium  hydroxide is neutralized and  
d isso lved , exp osing  the silica tes to a q u eo u s hydrogen ion. This is an important a sp ect  
with regard to solidified  h azard ou s m eta ls . If th e  m etal ions (L ew is acid s) form 
coordinate covalent bonds with the silicate ox y g en s (Lewis b a se  s ites) they are in direct 
com petition with the stronger Lewis acid H+(aq). T he toxic metal ions will b e  displaced
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and d isso lv ed  in the leach ing solution . T he reactive silanol grou p s s o  formed then  
co n d en se , producing longer and/or branched silicate structures a s  illustrated below .
\  \
-S i-O X  + H+(aq) — ►  -S i-O H  + X+(aq) or
\  \
^ S i-0 2X + 2 H+ (aq) — SB-  ^ S i - ( O H )2 + X2+(aq) etc.
X = calcium , potassium , sodium  or toxic metal ions.
th en ,
S i - ( O H ) x — branched and cross-linked silicates.
If the m etal io n s are not ch em ically  bonded  to the silicate o x y g en s , and are 
p resent in so m e  other form su ch  a s  su lfate, p h osp h ate , ox ide, hydroxide, sulfide, etc., 
then the leach in g  rate will b e  determ in ed  primarily by the solubility of the m etal 
com pound in acid m edia. S in ce  the alkalinity of Portland cem en t neutralizes the acid  
during the TCLP test, the a b o v e  reactions are significant only initially w hen the pH is 
below  7. However, w hen buffers are em ployed, the pH rem ains near 5  and the branching 
and cross-link ing rea ctio n s occur ex ten siv e ly . Not surprisingly, th e  p ercen ta g e  of 
solidified m etal lea ch ed  during a buffer extraction is extrem ely high com pared  to the  
TCLP protocol.
The results reported in this paper are clearly relevant in devising  gu idelines for 
sou n d  practices for environm ental protection w hen  applying S /S  tech n o lo g ie s . The  
effec ts  of Pb and Zn on  cem en t m atrices clearly su g g e s t  than carrying out a single
evaluation of leaching potential on  a sam p le that h as b een  cured for 28 d ays may well
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m iss see in g  the long-term  e ffec ts  a sso c ia ted  with the p rese n c e  of th o se  m etals. The 
resu lts are a lso  illuminating about the behavior of cem en t-sta b ilized  m aterials w hen  
su bjected  to the standard U .S . EPA regulatory instrument for m easuring leachability, the 
TCLP. A s is well known, acidic aq u eou s solutions will eventually com pletely  destroy the 
m ineral structure characteristic of hydrated portland cem en t, a s  show n o n c e  again in 
this work in the S i NMR sp ectra  of the sa m p le s  su bjected  to leach ing by a solution
buffered s o  a s  to maintain pH 5. In contrast, the TCLP leach ing conditions have only
barely initiated this p ro cess  o f conversion  of calcium  silicate hydrates into som ething  
like am orphous silica . In our ex p er ien ce  with m any different c la s s e s  of h azardous  
w a s te s  solidified in portland cem en t and su b jected  to the TCLP, the pH of the TCLP
le a c h a te s  varies considerab ly  d epending on the kind and quantity of w a ste  solidified.
Presum ably this m ea n s that the breakdown of the cem en t matrix will have p roceed ed  to 
varying d eg re es . T hus, TCLP results, while perhaps having so m e  va lu e for regulatory 
p u rp o ses, are extrem ely difficult to interpret in term s of w a ste -cem en t interactions.
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CHAPTER 22
CONCLUSIONS AND RECOMMENDATIONS
This chapter sum m arizes the conclusions reached in the present stud ies and also  
g iv es  recom m endations for further research  b a sed  on the information gained  in this 
work. T he su cce ed in g  paragraphs will sum m arize the information obtained  for 
various cem ent/additive/w aste and cem en t/w aste  system s.
? 7
Al MAS NMR of cem en t clinkers show  a large variation in the proportion of 
alum inate p h a se s  for different kinds of cem en ts , while 2 9 Si NMR results sh ow  that 
all the clinkers exhibit only Q °  units characteristic of unhydrated cem ent.
The w a ste s  u sed  in the p resen t s tu d ies  exhibit a variety of in flu en ces upon  
cem en t hydration depending upon the nature of the w aste . For instance, lead h as a  
retarding influence on OPC silicate hydration in the early s ta g e s  but acce lera tes it at 
28  d, Cr(VI) retards O PC silicate hydration at all s ta g e s , while As(lll) a cce lera tes  
silicate hydration at early s ta g e s  but retards it after 28  d. The counter ions present 
also  have an influence. The 28  d sam ple of OPC containing lead hydroxide g ives more 
silicate hydration than lead nitrate addition d o e s . The cem en t/w aste  ratio p lays an  
important role a s well. The 28  d sam ple containing 30%  lead hydroxide g iv es  more 
O PC  silic a te  hydration co m p a red  with O PC  con ta in in g  30%  lea d  nitrate. 
Furthermore, it h as b een  ob served  that the sa m e m etal in different oxidation sta tes  
in flu en ces cem en t hydration in quite different w a y s. As(l l l )  and As(V) h ave  
influenced OPC silicate hydration quite differently, and so  do  Cr(lll) and Cr(VI). The 
d eg ree  of alum inate hydration after 28  d is a lm ost the sa m e  for all the recipes
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(excep t for a few  c a s e s )  but sh ow  different accelerating and retarding trends before  
28 d.
O rganics studied a lso  sh o w  entirely different behavior toward OPC hydration 
when added along with Pb or Cd. OPC containing pBP and lead hydroxide g iv es  no 
silicate hydration and very poor alum inate hydration after 28  d a s  com pared  with 
OPC containing either pBP or lead. OPC containing pCP and lead  hydroxide g ives  
m uch better silica te  hydration com p ared  with O PC  contain ing  pB P and lead  
hydroxide. The difference b etw een  silicate and alum inate hydration w a s not so  big 
when pBP and pCP were added to OPC without inorganic w a stes . Therefore, there is a 
vast difference am ong the influences of added w aste upon cem ent hydration. The sam e  
kind of versatility is ob served  am ong the leachabilities of th e se  w a ste s . Pb(ll) is not 
contained  so  effectively, A s(lll) containm ent is much better than Pb(ll) and Cr(VI) 
is very pooly contained by O PC. Cr(VI) is not effectively immobilized by any binder, 
while Cr(lll) sh ow s excellent containm ent in all the binders u sed  to fix it.
S ev en  different kinds of cem en ts  u sed  in the present stud ies show  big differences, 
a s  exp ected , in their hydration properties, and a lso  in their treatment of w a stes . The 
high alum ina ce m en ts  sh o w  poor silica te hydration with and without the added  
w a ste s , while the other binders a lso  exhibit different hydration properties in the 
p resen ce of w a stes  com pared with OPC-containing w a stes . The high alumina cem en ts  
a lso  prove very poor in binding A s(lll), Pb(ll) and Cr(VI) w a s te s  effectively . O ne  
purpose of the present stu d ies w a s to find the b est recipe for ea ch  w a ste  to limit its 
leachability, and this w a s  fulfilled in m ost of the c a s e s ,  excluding Cr(VI). The 
binder which sh o w s a  higher d eg ree  of hydration com pared  with OPC, d o e s  not 
n ecessar ily  sh ow  im proved containm ent for a particular w a ste  com pared  with the
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b eh av ior o f O PC toward that w a s te . T h e perform an ce o f w hite cem en t in 
immobilization is quite com parable to that of OPC , although it h as the advantage of 
binding Pb(ll). OPC with no gypsum  a lso  proves to b e a  better binder for Pb(ll).
The perform ance of OPC containing additives like type F fly a sh , silica fum e, 
sodium  silicate and organophilic c la y s  is quite variable with regard to e ffec ts  of 
additives on cem en t hydration. Fly a sh  addition p rod u ces the m ost surprising  
hydration behavior ever ob served  in stu d ies of cem en t hydration. The rise and fall in 
alum inate and silicate hydration, esp ec ia lly  w hen As(lll) or As(V) is a lso  present, 
g iv e s  the a sto n ish in g  resu lt that s ilica te  d ep olym erization  o ccu rs  after initial 
polym erization. Addition of fly a sh  to O PC im proves Pb(ll) immobilization greatly  
but w orsen s that of A s(lll). Thus, the p resen ce  of th ese  additives not only ch a n g es  
the d eg ree  of silicate hydration particularly, but a lso  leachabilities. The silica fume 
g iv es  better silicate hydration com pared  with sodium  silicate. The containm ent for 
Pb(ll) im proves much more w hen silica fum e is added in 10:1 OPC:silica fum e ratio 
com pared  with 20:1 ratio. On the oth er hand, the im m obilization for As(l l l )  
b e c o m e s  w orse by increasing silica  fum e in O PC. T hus, the ratio of additive to 
cem en t p lays a d ec is iv e  role in determ ining the immobilization capability of the 
fixing agen t. Portland cem en t type 1A with silica fum e and OPC with sodium  
silicate are better binders for Pb(ll) com pared  with OPC. Addition of bentonite and  
organoclay  to OPC a lso  im p roves the im m obilization for Pb(ll) but to  different 
extents.
In the stu d ies of sa m p les  hydrated for 1 year or more, it h as b een  found that the 
nature of added  w aste  b eco m es  alm ost irrelevant with resp ect to percent hydration; 
how ever, the different w a ste s  do have very different e ffec ts  on  the d eg ree  of silicate
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polym erization, and th e se  matrix d ifferen ces may b e related to leaching behavior, 
but the leaching studies on th e se  older sam p les h as not b een  undertaken.
1 3 C CPM AS NMR stu d ies  for the p henols solidified in OPC proved that th ese  
p h en o ls are converted  into their calcium  sa lts  in hydrating cem en t. H owever, the 
d eg ree  of this conversion d ep en d s not only upon cure time and concentration of phenol 
added, but a lso  on  the type of inorganic w aste  added along with phenol.
C om bined addition of A s(lll), Pb(ll) and Cr(VI) to different cem en ts  produces  
significantly le s s  silicate hydration com pared  with the individual addition to th ese  
cem en ts , while the alum inate hydration is not ch an ged  m uch. This work, and that 
d one with mixtures of m eta ls and p henols indicate that m ixed w a ste  sy stem s show  
m uch more com plex behavior than simply the sum  of the behaviors of the individual 
w astes.
C om parison b etw een  TCLP and pH 5 leaching exhibit the im portance of th ese
leaching m edia in studying S /S  of hazardous w a ste s . Both leaching m ethods may be
very valuable in determining the s u c c e s s  of S /S  of hazardous w a ste s , but the cem ent
m atrices sh o w  m arked d if fe r e n c e s  b e tw e e n  their b eh av ior under th e s e  two
conditions. After leaching, the so lids remaining have an altered matrix. OPC + pBP
+ Pb(O H )2 28  d cured sa m p le  sh o w s 100%  orthosilicate units, while its TCLP
residue sh o w s 23%  orthosilicate units. Similar c h a n g e s  are ob serv ed  for all the
recipes. After leaching at pH 5, all the sa m p les , w hether containing no w a ste , or
containing organic or inorganic w a ste , p resen t the sa m e  picture spectroscop ically .
After pH 5 leach ing, the s ilica tes  in 2 8  d sa m p les  h ave b een  con verted  from a 
n 1 9 3
mixture of Q , Q , Q and Q units into a mixture that is similar to am orphous 
s ilica  and  co n ta in s  only Q4 (cro ss-lin k in g ) units. T his transform ation  is 
accom panied  by greatly en h anced  metal concentrations in the leach ate . Leaching with
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deion ized  water and under TCLP conditions h ave similar, but much le s s  dramatic, 
effec ts  upon the matrix, and  this transform ation is accom p an ied  by much lower 
metal concentrations in the lea ch a tes , com pared to the pH 5 lea ch a tes . The TCLP, 
which is the U. S . EPA's regulatory instrument is particularly variable in its effects  
on the cem ent matrix. D epending on the kind of cem ent, additives and w a stes  and also  
depending on their concentrations, there is a lesso r  or greater d eg ree  of breakdown  
of the mature cem en t matrix. The TCLP may b e  useful in simulating environmental 
conditions, i. e .,  ground w ater leaching, but it will alw ays b e difficult to interpret in 
term s of containm ent m echanism s.
The term 'mature cem ent' n eed s  to b e  reconsidered . S am p les cured for 28  d are 
considered  mature. Our NMR results for OPC + fly ash  show  a reversal of aluminate 
hydration and silica te depolym erization  after initial polym erization at the tim es  
w hen cem en t is declared  to b e m ature. Lead-containing sa m p les  sh ow  continuing 
silicate polym erization longafter the 28 d period. This is potentially significant for 
construction  practice, but it is certainly important for a s s e s s in g  S /S  practice. 
Leachability testing is typically d one after 7  d or 28  d, and our results indicate that 
such "early" testing may m iss significant later ch a n g es .
Finally, 27AI, 2 9 Si and 1 3 C MAS NMR have proved to b e effective to follow the 
slow  d evelop m en t of the solid  matrix during setting  of cem en t , which primarily 
in vo lves hydration rea ctio n s of s ilica te  and alum inate m inerals. Unlike x-ray 
diffraction, for in sta n ce , it is equally ap p licab le to crystalline and am orphous
O Q
material. In the present stu d ies, Si MAS NMR experim ents have been  done to s e e  
the effect of nickel concentration on silicate hydration which in turn is related to the 
strength of hydrated cem en t. The results are found in perfect agreem ent with the
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reported resu lts about the e ffec ts  o f nickel concentration  on OPC co m p ressiv e  
strength.
Future Recom m endations
T he p h en o ls  could not b e  im m obilized effectively , therefore, u se  of different 
modified organoclays and different cem en ts could b e looked for fixing them.
T he poor im m obilization of Cr(VI) could  b e significantly im proved by adding  
so m e reducing agen ts in the cem ent.
T he strange behavior of O PC containing fly ash  and As(lll) or As(V) n eed s  to be  
researched  further by som e other spectroscopic technique like XPS, FTIR or XRD.
Our NMR results su g g est that the final conclusion  about the ability of a binder to 
contain a w aste should be m ade at least after o n e  year of cure. Significant am ounts of 
leach testing n eed s to be carried out comparing 28  d and 1 y sam p les.
S in ce so m e of the w a ste s  have substantial effects on early hydration reactions in 
cem en t p a ste s , a p o ssib le  modification of the technology would involve allowing 
cem en t to cure through the dormant p h a se  and then adding the w aste . W e are not 
aware of any testing so  far done on such a modification of the S /S  p rocess.
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2 7 AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in P aren theses) for Spectra as  A Function of Time for Hydration of Portland Cement 
Type 1 Samples.
(Water/Cement = 0.5/1.0)
C u re  T im e A s s i g n m e n t s  % H ydra t ion
27A1 29Si
Al[4] Al[6 ] QO Q1 Q2 Q3
( 4 h) 72 .1 9 .8 - 7 0 . 8
( 2 2 . 3 ) ( 7 7 . 7 ) (1 0 0 . 0 ) - - - 0 . 0
( 8  h) 7 2 .2 8 .5 - 7 0 . 8 - 7 8 . 1 - 8 3 . 5 _
( 1 7 . 8 ) ( 8 2 . 2 ) ( 8 8 . 1 ) ( 6 . 5 ) ( 5 . 4 ) - 11 . 9
( 16 h) 72.1 9.1 - 7 1 . 0 - 7 8 . 2 - 8 3 . 6 .
( 7 . 3 ) ( 9 2 . 7 ) ( 7 9 . 0 ) ( 1 6 . 3 ) ( 4 . 7 ) - 2 1 . 0
( 24 h) 6 9 .5 8 .5 - 7 0 . 8 - 7 8 . 3 - 8 3 . 6 -
( 4 . 5 ) ( 9 5 . 5 ) ( 6 9 . 7 ) ( 2 4 . 4 ) ( 5 . 9 ) - 3 0 .3
( 3 d) 62.1 5 . 5 - 7 0 . 7 - 7 8 . 5 - 8 3 . 7
( 5 . 7 ) ( 9 4 . 3 ) ( 6 1 . 4 ) ( 2 9 . 4 ) ( 9 . 2 ) - 3 8 .6
( 7 d) 6 0 . 3 5 . 6 - 7 0 . 7 - 7 8 . 5 - 8 3 . 6 -
( 3 . 4 ) ( 9 6 . 6 ) ( 3 8 . 2 ) ( 4 5 . 7 ) ( 1 6 . 1 ) - 6 1 . 8
( 28 d) 5 8 .9 5 .6 - 7 0 . 8 - 7 8 . 6 - 8 3 . 6 -
( 3 . 0 ) ( 9 7 . 0 ) ( 2 7 . 5 ) ( 4 8 . 6 ) ( 2 3 . 9 ) - 7 2 . 5
2 5 9
Table 7
27AI and 2 9 Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in P aren theses) for Spectra as  A Function of Time for Hydration of Portland Cement 
Type 1 Sam ples Containing 10% by Weight of Pb(N0 3 )2 -
(Water/Cement/Pb(ll) = 0.5/1.0/0 .1 )
C u re  T ime A s s i g n m e n t s  % Hydra t ion
2 7 a i  2 9 a i
Ai[4] Al[6 ] Q° Q1 Q2 Q3
( 4  h) 7 8 . 2 1 0 . 2 - 7 0 . 8
( 1 7 . 1 ) ( 8 2 . 9 ) (1 0 0 . 0 ) - - - 0 . 0
( 8 h) 7 8 . 2 1 0 . 1 - 7 0 . 7 . .
( 1 7 . 8 ) ( 8 2 . 2 ) (1 0 0 . 0 ) - - - 0 . 0
( 16 h) 7 8 .3 1 0 . 1 - 7 0 . 6 - 7 8 . 4 - -
( 2 6 . 1 ) ( 7 3 . 9 ) ( 9 0 . 9 ) ( 9 . 1 ) - - 9.1
( 24 h) 7 8 .2 1 0 . 1 - 7 0 . 5 - 7 8 . 9 - 8 4 . 2 .
( 1 7 . 9 ) ( 8 2 . 1 ) ( 9 2 . 1 ) ( 7 . 9 ) - - 7 . 9
( 3  d) 6 5 .5 7 .8 - 7 1 . 0 - 7 8 . 5 - 8 4 . 5 .
( 5 . 9 ) ( 9 4 . 1 ) ( 6 3 . 9 ) ( 1 9 . 2 ) ( 1 6 . 9 ) - 36 .1
( 7 d) 60 . 6 7 . 9 - 7 0 . 8 - 7 8 . 5 - 8 4 . 0 -
( 5 . 0 ) ( 9 5 . 0 ) ( 4 5 . 8 ) ( 3 8 . 2 ) ( 1 6 . 0 ) - 5 4 . 2
( 28 d) 58 .1 7 .9 - 7 0 . 8 - 7 8 . 6 - 8 4 . 2
( 2 . 7 ) ( 9 7 . 3 ) ( 3 1 . 4 ) ( 4 4 . 0 ) ( 2 4 . 6 ) - 6 8 . 6
2 6 0
Table 8
27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses) for Spectra as  A Function of Time for Hydration of Portland Cement 
Type 1 Sam ples Containing 30% by Weight of Pb(NC>3 )2 .
(Water/Cement/Pb(ll) = 0.5/1.0/0.3)
Cure Time Assignments % Hydration
27A1 29Si
Al[4] Al[6 ] QO Q1 Q2 Q3
( 4 h) 80.1 1 0 . 6 - 7 0 . 2
( 2 4 . 4 ) (7 5 .6 .) ( 1 0 0 . 0 ) - - - 0 . 0
( 8  h) 7 9 .8 9 .7 - 7 0 . 2 - - .
( 2 4 . 7 ) ( 7 5 . 3 ) (1 0 0 . 0 ) - - - 0 . 0
( 16 h) 7 9 . 5 1 0 . 8 - 7 0 . 1 - 7 8 . 4 - -
( 1 7 . 0 ) ( 8 3 . 0 ) ( 8 9 . 2 ) (1 0 . 8 ) - - 1 0 . 8
( 24 h) 7 8 .5 1 0 . 6 - 7 0 . 3 - 7 8 . 3 - -
( 1 2 . 4 ) ( 8 7 . 6 ) ( 9 8 . 6 ) ( 1 . 4 ) - - 1.4
( 3 d) 7 8 .8 10 . 4 - 7 0 . 7 - 7 8 . 4 - 8 3 . 5 .
( 1 4 . 2 ) ( 8 5 . 8 ) ( 7 4 . 7 ) ( 2 2 . 8 ) ( 2 . 5 ) - 2 5 .3
( 7 d) 7 9 .8 1 0 . 1 - 7 0 . 6 - 7 8 . 3 - 8 3 . 4 - 8 9 . 9
( 1 0 . 2 ) ( 8 9 . 8 ) ( 5 8 . 3 ) ( 2 5 . 2 ) ( 9 . 7 ) ( 6 . 8 ) 4 1 . 7
( 28 d) - 9 . 0 - 7 0 . 3 - 7 8 . 2 - 8 3 . 8 - 8 9 . 8
- (1 0 0 . 0 ) ( 3 0 . 8 ) ( 4 1 . 7 ) ( 2 5 . 7 ) ( 1 . 8 ) 6 9 . 2
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Table 9
2?AI and 29Si MAS NMR Chemical Shifts (ppm) and A ssignm ents (Relative Area % 
in Parentheses) for Spectra as  A Function of Time for Hydration of Portland Cement 
Type 1 Sam ples Containing 30% by Weight of Pb(OH)2 -
(Water/Cement/Pb(ll) = 0.5/1.0/0.3)
Cure Time Assignments % Hydration
27a] 29Sj
Al[4] Al[6 ] qo Q 1 Q2 Q3
( 4 h) 7 0 . 4 7 . 5 - 7 0 . 2
( 1 7 . 5 ) ( 8 2 . 5 ) (1 0 0 . 0 ) - - - 0 . 0
( 8  h) 70 . 4 7.5 - 7 0 . 2 - .
( 1 3 . 7 ) ( 8 6 . 3 ) (1 0 0 . 0 ) - - - 0 . 0
( 16 h) 7 0 . 3 7 . 6 - 7 0 . 3 - 7 8 . 4 _ -
( 1 6 . 8 ) ( 8 3 . 2 ) ( 9 4 . 7 ) ( 5 . 3 ) - - 5 . 3
( 24 h) 7 0 . 3 7 . 7 - 7 0 . 2 - 7 8 . 4 _ -
( 1 8 . 9 ) ( 8 1 . 1 ) ( 9 1 . 5 ) ( 8 . 5 ) - - 8 . 5
( 3 d) 7 0 . 4 7.8 - 7 0 . 2 - 7 8 . 4 - 8 3 . 6 - 9 0 . 2
( 1 4 . 3 ) ( 8 5 . 7 ) ( 6 4 . 7 ) ( 2 0 . 6 ) ( 5 . 2 ) ( 3 . 5 ) 3 5 .3
( 7 d) 70.1 7 . 5 - 7 0 . 0 - 7 8 . 3 - 8 3 . 5 ~
( 7 . 1 ) ( 9 2 . 9 ) ( 6 2 . 7 ) ( 3 1 . 7 ) ( 5 . 6 ) - 3 7 .3
( 28 d) 7 0 . 2 7 . 6 - 7 0 . 3 - 7 8 . 6 - 8 3 . 8 - 9 0 . 1
( 4 . 9 ) ( 9 5 . 1 ) ( 1 7 . 4 ) ( 4 4 . 2 ) ( 3 3 . 2 ) ( 5 . 2 ) 82 . 6
2 6 2
Table 10
27AI and 2 9 si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses) for Spectra as  A Function of Time for Hydration of Portland Cement 
Type 1 Sam ples Containing 10% by Weight of Pb(OH)2  and pBP.
(Water/Cement/Pb(ll)/pBP = 0.5/1.0/0.1/0.1)
Cure Time Assignments % Hydration
27&1 29£j
Al[4] Al[6 ] Q ° Q 1 Q2 Q3
( 4 h) 8 0 .2 1 2 . 6 - 7 1 . 5
( 3 9 . 1 ) ( 6 1 . 9 ) (1 0 0 . 0 ) - - - 0 . 0
( 8  h) 7 9 .8 12 . 4 - 7 1 . 5 - - .
( 3 8 . 8 ) ( 6 1 . 2 ) (1 0 0 . 0 ) - - - 0 . 0
( 16 h) 80.1 13.1 - 7 1 . 5 - _ -
( 3 3 . 9 ) ( 6 6 . 1 ) (1 0 0 . 0 ) “ - - 0 . 0
( 24 h) 80 .1 1 3 . 2 -71 .5 - _
( 3 2 . 1 ) ( 6 7 . 9 ) ( 1 0 0 .0 ) - - - 0 . 0
( 3 d) 7 9 . 5 13.1 - 7 1 . 5 - - -
( 3 9 . 8 ) ( 6 0 . 2 ) ( 1 0 0 . 0 ) - - - 0 . 0
( 7  d) 8 0 . 2 1 3 . 2 -71  .5 - . -
( 3 6 . 7 ) ( 6 3 . 3 ) (1 0 0 . 0 ) - - - 0 . 0
( 28 d) 8 1 . 5 14 . 9 -71 .5 • . _
( 2 8 . 3 ) ( 7 1 . 7 ) (1 0 0 . 0 ) - - - 0 . 0
2 6 3
Table 11
27A| and 2 9 Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses) for Spectra a s  A Function of Time for Hydration of Portland Cement 
Type 1 Sam ples Containing 10% by Weight of Pb(OH)2  and pCP.
(Water/Cement/Pb(ll)/pCP -  0.5/1.0/0.1/0.1)
Cure Time A ssignm ents  % Hydration
27A1 
Al[4] Al[6 ] Q°
2 9 £ i 
Q1 Q2 Q3
( 4  h) 81.1 6 . 8 - 7 1 . 4
( 3 7 . 3 ) ( 6 2 . 7 ) (1 0 0 . 0 ) - - - 0 . 0
( 8  h) 7 8 .4 6 .5 - 7 1 . 4 _ - .
( 4 0 . 1 ) ( 5 9 . 9 ) (1 0 0 . 0 ) - - - 0 . 0
( 16 h) 8 1 . 6 6 . 8 - 7 1 . 4 - . -
( 3 2 . 5 ) ( 6 7 . 5 ) (1 0 0 . 0 ) - - - 0 . 0
( 24 h) 7 8 .8 2 . 1 - 7 1 . 4 _ . -
( 4 2 . 4 ) ( 5 7 . 6 ) (1 0 0 . 0 ) - - - 0 . 0
( 3 d) 6 9 . 8 - 5 . 2 -71 .4 - - -
( 3 2 . 5 ) ( 6 7 . 5 ) (1 0 0 . 0 ) - - - 0 . 0
( 7 d) 81.1 10 . 5 -71  .4 - - -
( 3 1 . 8 ) ( 6 8 . 2 ) (1 0 0 . 0 ) - - - 0 . 0
( 28  d) 6 6 . 5 6 . 5 -71 .3 - 7 9 .1 - 8 4 . 2 - 9 2 . 5
( 4 . 1 ) ( 9 5 . 9 ) ( 2 0 . 8 ) (41 •7) ( 3 0 . 3 ) ( 7 . 2 ) 7 9 .2
2 6 4
Table 12
27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses) for Spectra as  A Function of Time for Hydration of Portland Cement 
Type 1 Sam ples Containing 10% by Weight of Pb(OH )2  and 5 % by Weight of 
Sodium Silicate Solution Type N.
(Water/Cement/Pb(ll)/Sodium Silicate = 0.5/1.0/0.1/0.05)
C u re  T im e A ss ig n m e n ts  % H ydra tion
2 7 £ j







( 4 h) 8 0 . 2 4 . 5
( 4 8 . 6 ) ( 5 1 . 4 ) - - - - -
( 8  h) 7 2 . 4 - 9 . 8 - 7 0 . 7 - - -
( 3 2 . 7 ) ( 6 7 . 3 ) (1 0 0 . 0 ) - - - 0 . 0
( 16 h) 7 3 .5 - 1 0 . 4 - 7 0 . 8 - . -
( 3 4 . 5 ) ( 6 5 . 5 ) (1 0 0 . 0 ) - - - 0 . 0
( 24 h) 7 9 .8 7 .6 - 7 0 . 8 . _ .
( 3 8 . 0 ) ( 6 2 . 0 ) (1 0 0 . 0 ) - - - 0 . 0
( 3 d) 7 9 . 7 - 4 . 6 - 7 0 . 5 - 7 8 . 7 - 8 3 . 2 -
( 3 4 . 4 ) ( 6 5 . 6 ) ( 8 2 . 2 ) ( 5 . 7 ) ( 9 . 1 ) - 17 .8
( 7 d) 7 9 . 8 13 . 2 - 7 0 . 8 - 7 8 . 8 - 8 3 . 3
( 1 7 . 0 ) ( 8 3 . 0 ) ( 8 1 . 5 ) ( 7 . 1 ) ( 1 1 . 4 ) - 18 . 5
( 28 d) 6 3 . 2 8 . 7 - 7 0 . 9 - 7 8 . 3 - 8 2 . 8 -
( 3 . 3 ) ( 9 6 . 4 ) ( 3 0 . 2 ) ( 4 8 . 7 ) ( 2 1 . 1 ) - 6 9 . 8
2 6 5
Table 13
27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignm ents (Relative Area % 
in Parentheses) for Spectra a s  A Function of Time for Hydration of Portland Cement 
Type 1 Sam ples Containing 10% by Weight of As(lll).
(Water/Cement/As(lll) = 0.5/1.0/0.1)
Cure Time A ssignm ents  % Hydration
27A1 29Si
Al[4] Al[6 ] Q° Q 1 Q2 Q3
( 4 h) 6 9 . 9 9 . 8 - 7 0 . 9 - 7 8 . 0 - 8 3 . 5
( 1 7 . 6 ) ( 8 2 . 4 ) ( 7 8 . 2 ) ( 2 0 . 0 ) ( 1 . 8 ) - 2 1 . 8
( 8  h) 6 9 . 9 9 . 8 - 7 0 . 8 - 7 8 . 1 - 8 3 . 4 _
( 1 5 . 0 ) ( 8 5 . 0 ) ( 6 8 . 6 ) ( 2 1 . 9 ) ( 9 . 5 ) • - 3 1 . 4
( 16 h) 6 8 . 4 9 . 7 - 7 0 . 8 - 7 8 . 1 - 8 3 . 5 -
( 1 2 . 0 ) ( 8 8 . 0 ) ( 7 4 . 3 ) ( 2 3 . 2 ) ( 2 . 5 ) - 2 5 .7
( 24 h) 6 8 .3 9 .7 - 7 0 . 9 - 7 8 . 0 - 8 3 . 4 -
( 1 4 . 8 ) ( 8 5 . 2 ) ( 6 8 . 5 ) ( 2 8 . 5 ) ( 3 . 0 ) - 3 1 . 5
( 3 d) 6 7 .6 8 . 8 - 7 0 . 7 - 7 8 . 1 - 8 3 . 5 -
( 8 . 4 ) ( 9 1 . 6 ) ( 6 3 . 9 ) ( 3 1 . 6 ) ( 4 . 5 ) - 36 .1
( 7  d) 6 7 . 7 9 . 7 - 7 0 . 8 - 7 8 . 0 - 8 3 . 5 -
0 -6 ) ( 9 0 . 4 ) ( 5 0 . 8 ) ( 4 1 . 6 ) ( 7 . 6 ) - 4 9 . 2
( 28 d) 6 6 . 5 7.5 - 7 0 . 8 - 7 8 . 0 - 8 3 . 6 -
( 6 . 6 ) ( 9 3 . 4 ) ( 3 6 . 3 ) ( 5 0 . 8 ) ( 1 2 . 9 ) - 6 3 .7
2 6 6
Table 14
27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignm ents (Relative Area % 
in P aren theses) for Spectra a s  A Function of Time for Hydration of Portland Cement 
Type 1 Sam ples Containing 10% by Weight of Cr(VI).
(Water/Cement/Cr(VI) = 0.5/1.0/0.1)
Cure Time A ssign m en ts  % Hydration
27&1 29&i
Al[4] Al[6 ] qo Q1 Q2 Q3
( 4 h) 7 5 .8 1 1 . 2 - 7 0 . 7
( 1 6 . 4 ) (8 3 .6 .) (1 0 0 . 0 ) - - - 0 . 0
( 8  h) 7 5 .8 1 1 . 2 - 7 0 . 8 - 7 8 . 0 - 8 2 . 4 _
( 1 3 . 8 ) ( 8 6 . 2 ) ( 9 4 . 2 ) ( 3 . 9 ) ( 1 . 9 ) - 5. 8
( 16 h) 7 5 .7 1 4 . 0 - 7 0 . 8 - 7 8 . 1 - 8 2 . 4 .
( 1 7 . 3 ) ( 8 2 . 7 ) ( 8 0 . 5 ) ( 1 8 . 2 ) ( 1 . 3 ) - 19 . 5
( 24 h) 7 5 .8 1 2 . 2 - 7 0 . 7 - 7 8 . 0 - 8 2 . 5 -
( 1 2 . 9 ) ( 8 7 . 1 ) ( 8 7 . 7 ) ( 9 . 9 ) ( 2 . 4 ) - 12 . 3
( 3 d) 7 6 . 8 6 . 6 - 7 0 . 7 - 7 8 . 1 - 8 2 . 5
( 8 . 2 ) ( 9 1 . 8 ) ( 7 2 . 2 ) ( 2 0 . 8 ) ( 7 . 0 ) - 2 7 .8
( 7 d) 7 0 . 2 8 . 4 - 7 0 . 7 - 7 8 . 1 - 8 2 . 4 .
( 6 . 5 ) ( 9 3 . 5 ) ( 6 8 . 0 ) ( 1 7 . 0 ) ( 1 5 . 0 ) - 3 2 .0
( 28 d) 6 4 . 6 8 . 4 - 7 0 . 8 - 7 8 . 0 - 8 2 . 5 .
( 6 . 1 ) ( 9 3 . 6 ) ( 4 7 . 2 ) ( 3 9 . 1 ) ( 1 3 . 7 ) - 5 2 .8
2 6 7
Table 15
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignm ents (Relative Area % 
in Parentheses) for Spectra as  A Function of Time for Hydration of Portland Cement 
Type 1 + Fly Ash Type F (1:1) Samples.
(Water/Cement = 0.5/1.0)
C u re  T im e A ss ig n m e n ts  % H ydra tion
27&1 29^
M[4] Al[6 ] qo Q1 Q2 Q3
( 4 h) 4 9 . 8 1 0 . 2
( 4 0 . 9 ) ( 5 9 . 1 ) - - - - -
( 8  h) 5 0 . 2 10 . 3 - 7 0 . 6 - 7 8 . 2 . .
( 4 4 . 3 ) ( 5 5 . 7 ) ( 9 5 . 6 ) ( 4 . 4 ) “ - 4 . 4
( 16 h) 4 9 . 6 1 0 . 2 - 7 0 . 6 - 7 8 . 3 - 8 3 . 7 .
( 2 7 . 8 ) ( 7 2 . 2 ) ( 8 7 . 0 ) ( 1 0 . 2 ) ( 2 . 8 ) - 13 . 0
( 24 h) 5 0 . 2 1 0 . 2 - 7 0 . 7 - 7 8 . 2 - 8 3 . 8 -
( 2 4 . 8 ) ( 7 5 . 2 ) ( 7 9 . 8 ) ( 1 9 . 3 ) ( 0 . 9 ) - 2 0 . 2
( 3 d) 4 9 . 7 7 . 6 - 7 0 . 6 - 7 8 . 3 - 8 3 . 7 .
( 1 1 . 1 ) ( 8 8 . 9 ) ( 6 4 . 8 ) ( 3 1 . 7 ) ( 3 . 5 ) - 3 5 .2
( 7  d) 5 0 . 3 7 . 6 - 7 0 . 5 - 7 8 . 2 - 8 3 . 8 -
( 1 3 . 5 ) ( 8 6 . 5 ) ( 3 9 . 2 ) ( 4 9 . 2 ) ( 1 1 . 6 ) - 6 0 .8
( 28 d) 5 2 .4 7 .5 - 7 0 . 5 - 7 8 . 3 - 8 3 . 9 - 8 9 . 2
( 9 . 7 ) ( 9 0 . 3 ) ( 4 . 7 ) ( 6 7 . 0 ) ( 2 6 . 4 ) ( 1 . 9 ) 9 5 .3
26 8
Table 16
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses) for Spectra a s  A Function of Time for Hydration of Portland Cement 
Type 1 + Fly Ash Type F (1 :1) Sam ples Containing 10 % by Weight of As(lll).
(Water/Cement/As(lll) = 0.5/1.0/0.1)
Cure Time A ssignm ents  % Hydration
27m  2 9 a i
Al[4] Al[6 ] qo Q 1 Q2 Q3
( 4 h) 5 8 .8 1 . 2
( 7 0 . 0 ) ( 3 0 . 0 ) - - - - -
( 8  h) 5 9 . 9 1 . 2 - 7 0 . 8 - . .
( 7 4 . 1 ) ( 2 5 . 9 ) (1 0 0 . 0 ) - - - 0 . 0
( 16 h) 5 8 .5 1 . 2 - 7 0 . 9 - 7 9 . 5 - -
( 6 9 . 4 ) ( 3 0 . 6 ) ( 9 9 . 9 ) ( 0 . 1 ) - - 0 . 1
( 24 h) 5 9 . 9 1.4 - 7 0 . 8 - 7 9 . 5 _ _
( 7 7 . 8 ) ( 2 2 . 2 ) ( 9 7 . 1 ) ( 2 . 9 ) - - 2 . 9
( 3 d) 6 4 . 6 2.5 - 7 0 . 8 - 7 9 . 6 - 8 3 . 7 .
( 3 7 . 4 ) ( 6 2 . 6 ) ( 7 2 . 5 ) ( 2 6 . 6 ) ( 0 . 9 ) - 2 7 .5
( 7 d) 6 4 . 4 4 . 8 - 7 0 . 7 - 7 9 . 6 - 8 3 . 7 - 8 9 . 9
( 3 0 . 9 ) ( 6 9 . 1 ) ( 3 7 . 5 ) ( 5 3 . 9 ) ( 6 . 3 ) ( 2 . 3 ) 62 . 5
( 28 d) 6 5 .6 4 .7 - 7 0 . 5 - 8 1 . 1 - 8 4 . 5 - 9 0 . 1
( 6 2 . 1 ) ( 3 7 . 9 ) ( 2 4 . 9 ) ( 4 9 . 4 ) ( 1 9 . 9 ) ( 5 . 8 ) 75.1
2 6 9
Table 17
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses) for Spectra as  A Function of Time for Hydration of Portland Cement 
Type 1 + Fly Ash Type F (1:1) Sam ples Containing 10 % by Weight of Pb(ll).
(Water/Cement/Pb(ll) = 0.5/1.0/0.1)
C u re  T im e A s s ig n m e n ts  % H ydra tion
27m 29^
Al[4] AI[6 J Q° Q 1 Q2 Q3
( 4 h) 40.1 2 . 0
( 3 0 . 6 ) ( 6 9 . 4 ) - - - - -
( 8  h) 4 0 . 9 5.1 - 7 0 . 6 - 7 7 . 7 . -
( 3 2 . 0 ) ( 6 8 . 0 ) ( 9 6 . 7 ) ( 3 . 3 ) - - 3 . 3
( 16 h) 4 0 . 9 1 1 . 1 - 7 0 . 6 - 7 7 . 8 - -
( 3 6 . 3 ) ( 6 3 . 7 ) ( 9 8 . 5 ) ( 1 . 5 ) - - 1.5
( 24 h) 40.1 10 . 5 - 7 0 . 5 - 7 7 . 7 - _
( 2 7 . 7 ) ( 7 2 . 3 ) ( 9 8 . 7 ) ( 1 . 3 ) - - 1.3
( 3 d) 40.1 6 . 6 - 7 0 . 4 - 7 7 . 7 - 8 4 . 5 -
( 9 - 6 ) ( 9 0 . 4 ) ( 7 2 . 4 ) ( 2 6 . 6 ) ( 1 -0 ) - 2 7 .6
( 7 d) 5 0 . 4 7.1 - 7 0 . 5 - 7 7 . 8 - 8 4 . 5 .
( 1 8 . 1 ) ( 8 1 . 9 ) ( 5 5 . 5 ) ( 3 0 . 3 ) ( 1 4 . 2 ) - 4 4 . 5
( 28 d) 6 2 . 5 7.5 - 7 0 . 5 - 7 7 . 8 - 8 4 . 5 - 9 0 . 4
( 1 0 . 3 ) ( 8 9 . 7 ) ( 1 5 . 7 ) ( 4 7 . 7 ) ( 3 3 . 6 ) ( 3 . 0 ) 8 4 .3
2 7 0
Table 18
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses) for Spectra as  A Function of Time for Hydration of Portland Cement 
Type 1 + Fly Ash Type F (1:1) Sam ples Containing 10 % by Weight of Cr(VI).
(Water/Cement/C r( VI) = 0.5/1.0/0.1)
Cure Time A ssignm ents  % Hydration
27A1 29S1
Al[4] Al[6 ] qo Q1 Q2 Q3
( 4 h) - - - - - -
( 8  h) 4 0 . 3 16.1 - 7 0 . 7 - 7 7 . 7
( 4 0 . 8 ) ( 5 9 . 2 ) ( 9 4 . 8 ) ( 5 . 2 ) - - 5 . 2
( 16 h) 4 2 . 2 15 . 8 - 7 0 . 6 - 7 7 . 7 * •
( 3 5 . 6 ) ( 6 4 . 4 ) ( 9 0 . 0 ) ( 1 0 . 0 ) - - 1 0 . 0
( 24 h) 4 4 . 5 15 . 4 - 7 0 . 6 - 7 7 . 8 - -
( 3 3 . 8 ) ( 6 6 . 2 ) ( 8 2 . 6 ) ( 1 7 . 4 ) - * 17.4
( 3 d) 4 7 . 2 1 0 . 2 - 7 0 . 6 - 7 7 . 7 - 8 3 . 6 -
( 1 5 . 3 ) ( 8 4 . 7 ) ( 6 6 . 5 ) ( 3 0 . 0 ) ( 3 . 5 ) - 3 3 .5
( 7 d) 4 8 . 6 9 . 6 - 7 0 . 5 - 7 7 . 8 - 8 3 . 8 -
( 1 8 . 6 ) ( 8 1 . 4 ) ( 6 1 . 0 ) ( 3 5 . 0 ) ( 4 . 0 ) - 3 9 . 0
( 28 d) 5 5 .2 9 .4 - 7 0 . 5 - 7 7 . 8 - 8 3 . 9 - 9 0 . 3
( 1 0 . 9 ) ( 8 9 . 1 ) ( 2 3 . 5 ) ( 4 7 . 7 ) ( 2 7 . 6 ) ( 1 . 2 ) 7 6 . 5
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Table 19
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Paren theses) for Spectra as A Function of Time for Hydration of OPC + Sodium 
Silicate (2 0 :1 ) Sam ples.
(Water/Cement/Sodium Silicate = 0.5/1.0/0.05)
Cure Time A ssignm ents  % Hydration
2 ?A! 2 9 £ j
Al[4] Al[6 ] Q ° Q1 Q2 Q3
( 4 h) 7 8 .8 12 . 5 - 7 0 , 8 - 7 7 . 8
( 1 4 . 9 ) ( 8 5 . 1 ) ( 9 2 . 3 ) ( 7 . 7 ) - - 7 . 7
( 8  h) 7 8 . 9 12 . 4 - 7 0 . 8 - 7 7 . 8 - 8 4 . 1
( 2 1 . 9 ) ( 7 8 . 1 ) ( 8 8 . 7 ) ( 7 . 7 ) ( 3 . 6 ) - 11 . 3
( 16 h) 7 7 . 9 12 . 3 - 7 0 . 7 - 7 7 . 8 - 8 4 . 2 _
( 1 0 . 0 ) ( 9 0 . 0 ) ( 7 3 . 2 ) ( 1 6 . 5 ) ( 1 0 . 3 ) - 2 6 .8
( 24 h) 70 .1 1 1 . 6 - 7 0 . 6 - 7 7 . 7 - 8 4 . 1
( 5 . 6 ) ( 9 4 . 4 ) ( 6 0 . 3 ) ( 2 6 . 4 ) ( 1 3 . 3 ) - 3 9 .7
( 3 d) 6 8 . 2 10 . 7 - 7 0 . 5 - 7 7 . 7 - 8 4 . 2 _
( 6 . 0 ) ( 9 4 . 0 ) ( 5 0 . 9 ) ( 3 7 . 4 ) ( 1 1 . 7 ) - 49.1
( 7 d) 6 8 . 4 8 . 5 - 7 0 . 5 - 7 7 . 6 - 8 3 . 8 _
( 4 . 6 ) ( 9 5 . 4 ) ( 4 0 . 0 ) ( 3 5 . 9 ) ( 2 4 . 1 ) - 6 0 . 0
( 28  d) 6 5 .5 7 .5 - 7 0 . 6 - 7 7 . 9 - 8 3 . 4 -
( 5 . 0 ) ( 9 5 . 0 ) ( 3 6 . 6 ) ( 4 9 . 6 ) ( 1 3 . 8 ) - 6 3 .4
2 7 2
Table 20
27ai and 2 ®Si MAS NMR Chemical Shifts (ppm) and Assignm ents (Relative Area % 
in P aren theses) for Spectra  as  A Function of Time for Hydration of OPC + Sodium 
Silicate (20:1) Sam ples Containing 10 % by Weight of As(lll).
(Water/Cement/Sodium Silicate/As(lll) = 0.5/1.0/0.05/0.1)
Cure Time A ssignm ents  % Hydration
27M  2 9 &i
Al[4] Al[6 ] qo Q1 Q2 Q3
( 4 h) 7 0 . 2 9 . 8 - 7 0 . 8 - 7 7 . 7 - 8 3 . 6
( 4 5 . 3 ) (5 4 .7 .) ( 6 5 . 4 ) ( 3 4 . 9 ) ( 3 5 . 7 ) - 3 4 .6
( 8  h) 6 9 . 5 9.8 - 7 0 . 8 - 7 7 . 7 - 8 3 . 5
( 3 0 . 2 ) ( 6 9 . 8 ) ( 5 7 . 8 ) ( 2 9 . 4 ) ( 1 2 . 8 ) - 4 2 . 2
( 16 h) 7 0 . 3 9 . 7 - 7 0 . 7 - 7 7 . 8 - 8 3 . 4 -
( 2 1 . 6 ) ( 7 8 . 4 ) ( 5 5 . 3 ) ( 3 5 . 3 ) ( 9 . 4 ) - 4 4 . 7
( 24 h) 6 9 . 8 9.8 - 7 0 . 9 - 7 7 . 8 - 8 3 . 6 -
( 1 6 . 6 ) ( 8 3 . 4 ) ( 4 9 . 0 ) ( 3 8 . 8 ) ( 1 2 . 2 ) - 5 1 . 0
( 3 d) 6 9 . 9 9 . 7 - 7 0 . 9 - 7 7 . 9 - 8 3 . 9 -
( 8 . 1 ) ( 9 1 . 9 ) ( 4 6 . 8 ) ( 4 5 . 1 ) ( 8 . 1 ) - 5 3 .2
( 7 d) 70 .1 9 .7 - 7 1 . 1 - 7 8 . 1 - 8 3 . 9 -
( 7 . 5 ) ( 9 2 . 5 ) ( 4 0 . 9 ) ( 5 4 . 0 ) ( 5 . 1 ) - 59 .1
( 28 d) 6 8 .4 8 .4 - 7 0 . 8 - 7 8 . 0 - 8 3 . 6 -
( 9 - 8 ) ( 9 0 . 2 ) ( 1 7 . 7 ) ( 7 0 . 3 ) ( 1 2 . 0 ) - 8 2 .3
2 7 3
Table 21
27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in P aren theses) for Spectra  as A Function of Time for Hydration of OPC + Sodium 
Silicate (20:1) Sam ples Containing 10 % by Weight of Pb(ll).
(Water/Cement/Sodium Silicate/Pb(ll) = 0.5/1.0/0.05/0.1)
Cure Time A ssignm ents  % Hydration
27M 29Si
Al[4] Al[6 ] qo Q 1 Q2 Q3
( 4 h) 7 9 . 9 0 . 1 - 7 0 . 1
( 4 5 . 3 ) ( 5 4 . 7 ) (1 0 0 . 0 ) - - - 0 . 0
( 8  h) 7 9 . 9 0 . 2 - 7 0 . 1 - 7 7 . 8 . -
( 2 9 . 6 ) ( 7 0 . 4 ) ( 9 8 . 6 ) ( 1 . 4 ) - - 1.4
( 16 h) 7 9 . 9 6 . 9 - 7 0 . 2 . -
( 2 6 . 2 ) ( 7 3 . 8 ) (1 0 0 .0 ) - - - 0 . 0
( 24 h) 7 9 .8 0 . 1 - 7 0 . 1 - 7 7 . 8 - -
( 2 4 . 6 ) ( 7 5 . 4 ) ( 9 3 . 2 ) ( 6 . 8 ) - - 6 . 8
( 3 d) 7 6 . 5 1 2 . 2 - 7 0 . 1 - 7 7 . 9 - .
( 1 4 . 6 ) ( 8 5 . 4 ) ( 8 6 . 1 ) ( 1 3 . 9 ) - - 13 . 9
( 7  d) 6 2 . 3 6 . 8 - 7 0 . 1 - 7 8 . 2 - 8 3 . 6
( 5 . 0 ) ( 9 5 . 0 ) ( 3 4 . 1 ) ( 5 0 . 8 ) ( 1 5 . 1 ) - 6 5 .9
( 28 d) 6 1 . 4 7 . 4 - 7 0 . 8 - 7 8 . 6 - 8 3 . 6 - 9 0 . 1
( 4 . 0 ) ( 9 6 . 0 ) ( 2 0 . 2 ) ( 5 4 . 2 ) ( 2 2 . 4 ) ( 3 . 2 ) 7 9 .8
2 7 4
Table 22
2 7 A| a n d  2 9 Si MAS NMR C h em ica l Shifts (ppm ) a n d  A ss ig n m en ts  (R elative A rea  %  
in P a re n th e s e s )  for S p e c tra  a s  A Function  of T im e for H ydration of O P C  + Sod ium  
S ilica te  (20:1) S a m p le s  C on tain ing  10 % by W eight of Cr(VI).
(Water/Cement/Sodium Silicate/Cr(VI) = 0.5/1.0/0.05/0.1)
Cure Time A ssign m en ts  % Hydration
27A1 29S1
Al[4] Al[6 ] Q ° Q 1 Q2 Q3
( 4 h) 7 8 .2 0 . 0 - 7 0 . 7 - 7 8 . 0
( 3 1 . 7 ) ( 6 8 . 3 ) ( 9 3 . 6 ) ( 6 . 4 ) - - 6 . 4
( 8  h) 78 .1 0 . 0 - 7 0 . 7 - 7 8 . 0 - -
( 3 0 . 5 ) ( 6 9 . 5 ) ( 9 1 . 1 ) ( 8 . 9 ) - - 8 . 9
( 16 h) 78 .1 1 0 . 1 - 7 0 . 8 - 7 8 . 0 - 8 3 . 1 -
( 1 9 . 4 ) ( 8 0 . 6 ) ( 8 5 . 7 ) ( 7 . 8 ) ( 6 . 5 ) - 14 . 3
( 24 h) 7 8 . 2 2 . 2 - 7 0 . 7 - 7 8 . 1 - 8 3 . 0 -
( 1 6 . 7 ) ( 8 3 . 3 ) ( 7 5 . 3 ) ( 1 4 . 4 ) ( 1 0 . 4 ) - 2 4 . 7
( 3 d) 7 7 . 9 1 2 . 1 - 7 0 . 7 - 7 8 . 0 - 8 3 . 1 -
( 1 4 . 2 ) ( 8 5 . 8 ) ( 5 7 . 5 ) ( 2 9 . 7 ) ( 1 2 . 8 ) - 4 2 . 2
( 7  d) 7 8 .2 8 . 2 - 7 0 . 8 - 7 8 . 1 - 8 3 . 1 -
( 8 . 2 ) ( 9 1 . 8 ) ( 4 5 . 7 ) ( 4 7 . 8 ) ( 6 . 5 ) - 5 4 .3
( 28 d) 6 8 .5 8 .3 - 7 0 . 8 - 7 8 . 0 - 8 3 . 1 .
( 2 . 0 ) ( 9 8 . 0 ) ( 3 4 . 4 ) ( 5 2 . 0 ) ( 1 3 . 6 ) - 6 5 . 6
2 7 5
Table 23
2 7 AI MAS NMR S pectra , Chem ical Shifts (ppm), and  Relative A rea % (in 
Parentheses) for Hydration of Lumnite Cem ent (Left), and Lumnite Containing 10 % 
by Weight of As(lll) (Right) as A Function of Time.
(Water/Cement/As(lll) = 0.5/1.0/0.1)
L u m n i t e  L u m n i t e  + A s(lll)
C ure Tim e C hem ical S h ifts  an d  Area % C hem ical S h if ts  a n d  A rea %
Al[4] Al[6 ] Al[4] Al[6 ]
(4 h) 8 0 . 2 7.1 6 8 . 2 1 . 0
( 9 4 . 4 ) ( 5 . 6 ) ( 7 9 . 1 ) ( 2 0 . 9 )
( 8  h) 69 . 8 1 . 0 78 .1 0 .3
( 3 3 . 7 ) ( 6 6 . 3 ) ( 8 3 . 1 ) ( 1 6 . 9 )
(16 h) 7 2 . 2 7 . 3 7 8 .0 1. 1
( 8 . 5 ) ( 9 1 . 5 ) ( 7 8 . 1 ) ( 2 1 . 9 )
(24 h) 7 6 . 5 7 . 2 7 7 .8 0 .9
( 6 . 8 ) ( 9 3 . 2 ) ( 7 9 . 4 ) ( 2 0 . 6 )
(3 d) 76 . 4 7.1 7 7 .7 - 1 . 2
( 5 . 7 ) ( 9 4 . 3 ) ( 8 8 . 6 ) ( 1 1 . 4 )
(7 d) 7 7 .3 7 .2 7 8 .6 - 1 . 3
( 7 , 8 ) ( 9 2 . 2 ) ( 8 6 . 2 ) ( 1 3 . 8 )
(28 d) 79.1 7.1 7 9 . 6 - 2 . 1
( 6 . 0 ) ( 9 4 . 0 ) ( 4 1 . 3 ) ( 5 8 . 7 )
2 7 6
Table 24
2 7 AI MAS NMR Spect ra,  Chemical Shifts (ppm), and  Relative Area % (in 
Parentheses)  for Hydration of Lumnite Containing 10 % by Weight of Pb(ll) (Left), 
and Lumnite Containing 10 % by Weight of Cr(VI) (Right) a s  A Function of Time. 
(Water/Cement/Pb(ll) or Cr(VI) = 0.5/1.0/0.1)
L u m in i t e  + Pb(l l)  L u m n i te  + Cr(VI)
Cure  Time Chemical  Shi f ts  a n d  Area % Chemical  Sh if ts  a n d  Area %
Al[4] Al[6 ] Al[4] Al[6 ]
(4 h) 78.1 6 . 0 8 2 .6 9 .8
( 8 6 . 2 ) ( 1 3 . 8 ) ( 9 0 . 0 ) ( 1 0 . 0 )
( 8  h) 7 7 .9 5 .8 8 2 .8 9 .6
( 8 4 . 9 ) ( 1 5 . 1 ) (91 .3 ) ( 8 . 7 )
(16 h) 7 9 .2 5 .9 8 2 . 7 8 .9
( 8 9 . 5 ) ( 1 0 . 5 ) ( 9 0 . 6 ) ( 9 . 4 )
(24 h) 79 .1 5 .3 83.1 9 .5
( 8 6 . 3 ) ( 1 3 . 7 ) ( 8 9 . 5 ) ( 1 0 . 5 )
(3 d) 7 9 .8 5 .5 8 1 . 5 9 .5
( 8 1 . 7 ) ( 1 8 . 3 ) ( 4 1 . 3 ) ( 5 8 . 7 )
(7 d) 8 8 .4 1 2 .3 82.1 9 .9
( 8 6 . 2 ) ( 1 3 . 8 ) ( 4 0 . 0 ) ( 6 0 . 0 )
(28 d) 7 9 .3 6 .3 8 2 . 2 9 .5
( 3 . 9 ) ( 9 6 . 1 ) ( 2 8 . 8 ) ( 7 1 . 2 )
2 7 7
Table 25
2 7 AI MAS NMR Spec tra ,  Chemical  Shifts (ppm), and  Relative Area % (in 
Parentheses)  for Hydration of Refcon Cement (Left), and Refcon Containing 10 % by 
Weight of As(lll) (Right) a s  A Function of Time.
(Water/Cement/As(lll) = 0.5/1.0/0.1)
R e fc o n  R e fc o n  + As(lll)
Cure  Time Chem ical  Shif ts  and  Area % Chem ica l  Sh if ts  a n d  Area %
Al[4] Al[6 ] Al[4] Al[6 ]
(4 h) 7 5 .5 2 .3 7 9 . 9 1 .4
( 9 5 . 3 ) ( 4 . 7 ) ( 9 8 . 2 ) ( 1 . 8 )
( 8  h) 7 8 .2 2 .7 7 9 . 7 1.5
( 9 9 . 4 ) ( 0 . 6 ) ( 9 5 . 8 ) ( 4 . 2 )
(16 h) 7 6 . 7 1.5 7 9 . 8 1 .3
( 2 0 . 6 ) ( 7 9 . 4 ) ( 9 1 . 6 ) ( 8 . 4 )
(24 h) 7 9 .3 1.5 8 0 . 2 1.4
( 8 . 2 ) ( 9 1 . 8 ) ( 9 3 . 1 ) ( 6 . 9 )
(3 d) 8 0 .2 1 . 8 8 0 . 3 1 . 6
( 6 . 4 ) ( 9 3 . 6 ) ( 9 2 . 6 ) ( 7 . 4 )
(7 d) 8 0 .4 2 .9 8 1 . 5 1.4
( 4 . 8 ) ( 9 5 . 2 ) ( 9 0 . 6 ) 0 - 4 )
(28 d) 8 2 .5 2 . 8 8 1 . 4 1. 1
( 4 . 4 ) ( 9 5 . 6 ) ( 2 7 . 4 ) ( 7 2 . 6 )
2 7 8
Table 26
2 7 Al MAS NMR Spec tra ,  Chemical  Shifts (ppm), and  Relative Area % (in 
Parentheses)  for Hydration of Refcon Containing 10 % by Weight of Pb(ll) (Left), 
and Refcon Containing 10 % by Weight of Cr(VI) (Right) as  A Function of Time. 
(Water/Cement/Pb(ll) or Cr(VI) = 0.5/1.0/0.1)
Lire Time
R e fc o n + Pb(ll) R e fc o n  + Cr(VI)
Chemical  Shi f ts  a n d  Area % Chem ica l  Sh if ts a n d  Ar
Al[4] Al[6 ] Al[4] Al[6 ]
(4 h) 7 8 . 4 5 .2 82.1 6 .3
( 9 8 . 4 ) ( 1 . 6 ) ( 9 5 . 4 ) ( 4 . 6 )
( 8  h)
B
7 8 . 3 5 .3 8 2 . 4 6 .3
( 9 5 . 5 ) ( 4 . 5 ) ( 9 5 . 8 ) ( 4 . 2 )
(16  h) 7 8 . 4 5 .2 7 9 . 9 6 .4
( 9 5 . 5 ) ( 4 . 5 ) ( 9 5 . 4 ) ( 4 . 6 )
(24 h) 7 8 . 6 5 .4 8 2 . 2 6 .3
( 9 6 . 3 ) ( 3 . 7 ) ( 9 6 . 1 ) ( 3 . 9 )
(3 d) 7 8 .5 5 .3 8 1 . 7 6 .7
( 9 4 . 4 ) ( 5 . 6 ) ( 4 6 . 6 ) ( 5 3 . 4 )
(7 d) 7 8 . 3 5 .6 8 1 . 8 6 . 8
( 9 6 . 9 ) ( 3 . 1 ) ( 4 2 . 3 ) ( 5 7 . 7 )
(28 d) 7 8 .2 5 .7 8 1 . 9 6 .7
( 2 . 9 ) ( 9 7 . 1 ) ( 4 3 . 9 ) ( 5 6 . 1 )
2 7 9
Table 27
27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra as  A Function of Time for Hydration of White Cement 
Samples.
(Water/Cement = 0.5/1.0)
C u re  Time A s s i g n m e n t s  % H ydra t ion
27A1 29S1
Al[4l Al[6 ] Q° Q 1 Q2 Q3
( 4 h) 7 8 .9 1 1 . 6 - 7 0 . 6 - 7 8 . 4 - 8 3 . 1
( 2 8 . 0 ) ( 7 2 . 0 ) ( 9 4 . 6 ) ( 5 . 4 ) - - 5 .4
( 8  h) 7 7 . 9 10 .9 - 7 0 . 6 - 7 8 . 3 - 8 3 . 1 -
( 1 5 . 8 ) ( 8 4 . 2 ) ( 8 6 . 5 ) ( 1 0 . 1 ) ( 3 . 4 ) - 13 .5
( 16 h) 7 9 . 3 10 .7 - 7 0 . 7 - 7 8 . 4 - 8 3 . 3
( 1 0 . 8 ) ( 8 9 . 2 ) ( 8 3 . 2 ) ( 1 2 . 4 ) ( 4 . 4 ) - 1 6 .8
( 24 h) 7 8 . 5 10 .5 - 7 0 . 5 - 7 8 . 5 - 8 3 . 2 -
( 8 . 7 ) ( 9 1 . 3 ) ( 7 6 . 3 ) ( 1 9 . 3 ) ( 4 . 4 ) - 2 3 .7
( 3 d) 7 0 .4 7 .9 - 7 0 . 6 - 7 8 . 3 - 8 3 . 4 .
( 6 . 2 ) ( 9 3 . 8 ) ( 6 5 . 1 ) ( 2 3 . 8 ) ( 1 1 . 1 ) - 3 4 .9
( 7  d) 6 9 .5 7 .5 - 7 0 . 6 - 7 8 . 4 - 8 3 . 3 -
( 6 . 7 ) ( 9 3 . 3 ) ( 5 7 . 6 ) ( 3 1 . 7 ) ( 1 0 . 7 ) - 4 2 . 2
( 28 d) 57.1 7 .5 - 7 0 . 6 - 7 8 . 4 - 8 3 . 4 .
( 4 . 5 ) ( 9 5 . 5 ) ( 3 2 . 2 ) ( 4 4 . 8 ) ( 2 3 . 0 ) - 6 7 .8
2 8 0
Table 28
27A| and 29s i  MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra a s  A Function of Time for Hydration of White Cement 
Samples Containing 10 % by Weight of As(lll).
(Water/Cement/As(lll) = 0.5/1.0/0 .1)
C u re  T ime A s s i g n m e n t s  % Hydra t ion
27A1 29Si
Al[4] Al[6 ] QO Q1 Q2 Q3
( 4  h) 7 1 . 8 9 .7 - 7 0 . 9 - 7 8 . 4 - 8 3 . 5
( 1 9 . 1 ) ( 8 0 . 9 ) ( 8 5 . 7 ) ( 1 4 . 3 ) - - 14 .3
( 8  h) 7 3 .4 9 .6 - 7 0 . 8 - 7 8 . 5 - 8 3 . 6 -
( 1 6 . 3 ) ( 8 3 . 7 ) ( 8 0 . 2 ) ( 1 7 . 5 ) ( 2 . 3 ) - 19 .8
( 16 h) 7 0 . 2 9 .4 - 7 0 . 7 - 7 8 . 4 - 8 3 . 6
( 1 5 . 2 ) ( 8 4 . 8 ) ( 7 0 . 5 ) ( 2 2 . 1 ) ( 7 . 4 ) - 29 .5
( 24 h) 7 8 . 5 9 .4 - 7 0 . 8 - 7 8 . 3 - 8 3 . 5 .
( 1 4 . 8 ) ( 8 5 . 2 ) ( 7 4 . 5 ) ( 2 2 . 7 ) ( 2 . 8 ) - 25 .5
( 3 d) 6 6 . 4 9 .9 - 7 0 . 9 - 7 8 . 5 - 8 3 . 4 _
( 1 5 . 1 ) ( 8 4 . 9 ) ( 6 2 . 0 ) ( 3 2 . 4 ) ( 5 . 6 ) - 3 8 .0
( 7 d) 6 6 . 5 9.3 -71 .3 - 7 9 . 0 - 8 3 . 6 -
( 1 1 . 9 ) ( 8 8 . 1 ) ( 4 8 . 2 ) ( 4 3 . 9 ) ( 7 . 9 ) - 5 1 .8
( 28 d) 6 5 .5 9.4 - 7 1 . 8 - 7 8 . 8 - 8 3 . 7 _
( 8 . 3 ) ( 9 1 . 7 ) ( 3 6 . 6 ) ( 5 5 . 4 ) ( 8 . 0 ) - 63 .4
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Table 29
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra a s  A Function of Time for Hydration of White Cement 
Samples Containing 10 % by Weight of Pb(ll).
(Water/Cement/Pb(ll) = 0.5/1.0/0.1)
Cure Time A ssignm ents  % Hydration
27ai 29ai
Al[4] Al[6 ] Q° Q 1 Q2 Q3
( 4 h) 7 8 . 7 1 2 . 1 - 7 0 . 9
( 2 7 . 2 ) ( 7 2 . 8 ) (1 0 0 . 0 ) - - - 0 . 0
( 8 h) 7 8 . 8 11 .9 - 7 0 . 8 . - ..
( 2 1 . 3 ) ( 7 8 . 7 ) (1 0 0 . 0 ) - - - 0 . 0
( 16 h) 7 8 . 7 1 1 .7 - 7 0 . 7 - 7 7 . 8 - 8 3 . 4 .
( 2 1 . 2 ) ( 7 8 . 8 ) ( 9 5 . 7 ) ( 2 . 2 ) ( 2 . 1 ) - 4 .3
( 24 h) 7 9 . 0 1 0 . 8 - 7 0 . 7 - 7 7 . 7 - 8 3 . 5 -
( 2 5 . 8 ) ( 7 4 . 2 ) ( 9 6 . 7 ) ( 2 . 2 ) ( 1 . 1 ) - 3 .3
( 3 d) 7 6 . 5 8 .4 - 7 0 . 6 - 7 7 . 8 - 8 3 . 5 -
( 6 . 8 ) ( 9 3 . 2 ) ( 6 8 . 6 ) ( 2 5 . 6 ) ( 5 . 8 ) - 3 1 .4
( 7  d) 6 0 . 4 8 .3 - 7 0 . 8 - 7 7 . 7 - 8 3 . 4 -
( 4 . 0 ) ( 9 6 . 0 ) ( 4 4 . 6 ) ( 3 5 . 6 ) ( 1 9 . 8 ) - 5 5 .4
( 28 d) 5 9 . 0 8 .4 - 7 1 . 2 - 7 7 . 8 - 8 3 . 4 - 9 0 . 1
( 2 . 9 ) ( 9 7 -1 ) ( 3 1 . 4 ) ( 4 2 . 7 ) ( 2 3 . 3 ) ( 2 . 6 ) 6 8 . 6
2 8 2
Table 30
27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra a s  A Function of Time for Hydration of White Cement 
Samples Containing 10 % by Weight of Cr(VI).
(Water/Cement/Cr(VI) = 0.5/1.0/0.1)
Cure Time A ssignm ents  % Hydration
27 a i  2 9 a i
Al[4] Al[6 ] Q° Q 1 Q2 Q3
( 4 h) 7 2 .4 1 1. 1 - 7 0 . 7 - 7 7 . 7 - 8 3 . 3
( 2 2 . 5 ) ( 7 7 . 5 ) ( 9 5 . 2 ) ( 4 . 8 ) - - 4 .8
( 8  h) 7 5 . 2 1 1 . 6 - 7 0 . 7 - 7 7 . 8 - 8 3 . 4 -
( 2 0 . 7 ) ( 7 9 . 3 ) ( 9 5 . 4 ) ( 4 . 6 ) - - 4 .6
( 16 h) 7 5 . 3 10 .9 - 7 0 . 6 - 7 7 . 5 -
( 1 5 . 7 ) ( 8 4 . 3 ) ( 9 2 . 4 ) ( 7 . 6 ) - - 7 .6
( 24 h) 7 6 . 4 1 0 . 2 - 7 0 . 7 - 7 7 . 7 - 8 3 . 3 -
( 1 4 . 9 ) ( 8 5 . 1 ) ( 8 4 . 5 ) ( 1 2 . 3 ) ( 3 . 2 ) - 15 .5
( 3 d) 7 1 .6 9 .7 - 7 0 . 5 - 7 7 . 8 - 8 3 . 6 -
( 1 0 . 8 ) ( 8 9 . 2 ) ( 8 4 . 8 ) ( 1 3 . 8 ) ( 1 . 4 ) - 15 .2
( 7  d) 72.1 8 .5 - 7 0 . 6 - 7 7 . 7 - 8 3 . 4
( 8 . 0 ) ( 9 2 . 0 ) ( 7 6 . 4 ) ( 1 8 . 8 ) ( 4 . 8 ) - 2 3 .6
( 28 d) 7 1 .2 8 .4 - 7 0 . 7 - 7 7 . 7 - 8 3 . 3 - 9 0 . 2
( 9 . 1 ) ( 9 0 . 9 ) ( 5 7 . 5 ) ( 3 2 . 5 ) ( 8 . 4 ) ( 1 -6 ) 4 2 .5
2 8 3
Table 31
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra a s  A Function of Time for Hydration of Portland Cement 
Type 1A Samples. 
(Water/Cement = 0.5/1.0 )
Cure Time A ssign m en ts  % Hydration
27&J 29m
Al[4] Al[6 ] QO Q1 Q2 Q3
( 4 h) 7 4 . 2 0 . 1
( 2 4 . 8 ) ( 7 5 . 2 ) - - - - -
( 8 h) 80.1 1 2 . 8 - 7 0 . 8 - 7 8 . 5 - -
( 3 2 . 0 ) ( 6 8 . 0 ) ( 8 8 . 7 ) ( 1 1 . 3 ) - - 11 .3
( 1 6  h) 8 0 . 2 1 2 .7 -71 .2 - 7 8 . 6 - 8 4 . 1 -
( 1 3 . 0 ) ( 8 7 . 0 ) ( 6 5 . 5 ) ( 1 8 . 8 ) ( 1 5 . 7 ) - 3 4 .5
( 24 h) 7 1 . 2 1 2 . 6 - 7 0 . 8 - 7 8 . 6 - 8 3 . 8 -
( 1 3 . 3 ) ( 8 6 . 7 ) ( 5 9 . 9 ) ( 3 0 . 7 ) ( 9 . 4 ) - 40.1
( 3 d) 7 1 . 5 1 2 . 6 - 7 0 . 9 - 7 8 . 5 - 8 3 . 7 -
( 8 . 0 ) ( 9 2 . 0 ) ( 4 3 . 6 ) ( 3 2 . 4 ) ( 1 5 . 5 ) ( 8 . 5 ) 5 6 .4
( 7 d) 7 0 .4 12 .5 - 7 0 . 8 - 7 8 . 6 - 8 4 . 0 -
( 1 3 . 7 ) ( 8 6 . 3 ) ( 3 8 . 1 ) ( 4 5 . 9 ) ( 1 6 . 0 ) - 6 1 .9
( 28 d) 7 0 . 2 1 0 . 1 - 7 0 . 8 - 7 8 . 6 - 8 3 . 6 -
( 8 . 0 ) ( 9 2 . 0 ) ( 2 4 . 2 ) ( 5 2 . 8 ) ( 2 3 . 0 ) - 7 5 .8
2 8 4
Table 32
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra a s  A Function of Time for Hydration of Portland Cement 
Type 1A Samples Containing 10 % by Weight of As(lll).
(Water/Cement/As(lll) = 0.5/1.0/0.1)
Cure Time A ssign m en ts  % Hydration
2?AI 29£i
Al[4] Al[6 ] Q° Q 1 Q2 Q3
( 8  h) 75.1 8 . 2 - 7 1 . 2 - 7 8 . 1 - 8 4 . 0
( 1 5 . 3 ) (84.7*) ( 6 5 . 5 ) ( 3 0 . 8 ) ( 3 . 7 ) - 3 4 .5
( 16 h) 7 6 .2 8 . 0 - 7 2 . 3 - 7 8 . 0 - 8 4 . 1 .
( 1 0 . 7 ) ( 8 9 . 3 ) ( 6 2 . 5 ) ( 3 4 . 6 ) ( 2 . 9 ) - 3 7 .5
( 24 h) 7 0 . 2 6 .4 - 7 1 . 4 - 7 8 . 1 - 8 3 . 9 -
( 1 5 . 5 ) ( 8 4 . 5 ) ( 5 0 . 9 ) ( 4 0 . 5 ) ( 8 . 6 ) - 49.1
( 3 d) 6 9 .8 8 . 1 - 7 1 . 2 - 7 8 . 1 - 8 4 . 1 _
( 1 4 . 6 ) ( 8 5 . 4 ) ( 5 9 . 4 ) ( 3 6 . 3 ) ( 4 . 3 ) - 4 0 .6
( 7 d) 6 3 .5 8 . 2 - 7 0 . 9 - 7 8 . 0 - 8 4 . 2 _
( 1 2 . 0 ) ( 8 8 . 0 ) ( 4 8 . 4 ) ( 4 7 . 0 ) ( 4 . 6 ) - 5 1 .6
( 28 d) 6 3 . 7 8 . 2 -71 .3 - 7 8 . 0 - 8 4 . 2 .
( 6 . 8 ) ( 9 3 . 2 ) ( 3 4 . 0 ) ( 5 7 . 6 ) ( 8 . 4 ) - 6 6 . 0
2 8 5
Table 33
27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra a s  A Function of Time for Hydration of Portland Cement 
Type 1A Samples Containing 10 % by Weight of Pb(ll).
(Water/Cement/Pb(ll) = 0.5/1.0/0.1)
Cure Time A ssignm ents  % Hydration
27A1 29Si
Al[4] Al[6 ] qo Q1 Q2 Q3
( 8  h) 82.1 1 0 . 6 -71  .2 - 7 9 . 2
( 4 1 . 5 ) ( 5 8 . 5 ) ( 9 3 . 3 ) ( 6 . 7 ) - - 6 .7
( 1 6  h) 8 0 . 0 1 0 .7 - 7 0 . 7 - 7 9 .1 - 8 4 . 1 .
( 3 4 . 3 ) ( 6 5 . 7 ) ( 9 1 . 6 ) ( 5 . 2 ) ( 3 . 2 ) - 8 .4
( 24 h) 80.1 1 0 .7 - 7 0 . 7 - 7 9 . 2 _
( 2 9 . 9 ) ( 7 0 . 1 ) ( 9 4 . 9 ) ( 5 . 1 ) * - 5.1
( 3 d) 7 8 . 5 10 .9 - 7 0 . 7 - 7 9 . 4 - 8 4 . 3 _
( 1 0 . 9 ) ( 8 9 . 1 ) ( 5 8 . 6 ) ( 2 5 . 6 ) ( 1 5 . 8 ) - 4 1 .4
( 7  d) 65 .1 1 0 . 8 - 7 0 . 7 - 7 8 . 6 - 8 4 . 6 .
( 9 . 1 ) ( 9 0 . 9 ) ( 3 8 . 5 ) ( 3 6 . 6 ) ( 2 4 . 9 ) - 6 1 .5
( 28 d) 5 5 . 2 10 .9 - 7 0 . 8 - 7 8 . 6 - 8 4 . 7 _
( 8 . 7 ) ( 9 1 . 3 ) ( 1 5 . 4 ) ( 5 0 . 6 ) ( 3 4 . 0 ) - 8 4 .6
2 8 6
Table 34
27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra a s  A Function of Time for Hydration of Portland Cement 
Type 1A Samples Containing 10 % by Weight of Cr(VI).
(Water/Cement/Cr(VI) = 0.5/1.0/0.1)
Cure Time A ssign m en ts  % Hydration
2 7 a i  2 9 a i
Al[4] Al[6 ] qo Q2 Q2
( 8  h) 7 8 . 4 1 1 . 1 - 7 1 . 4 - 7 8 . 6 - 8 3 . 5
( 2 7 . 7 ) ( 7 2 . 3 ) ( 9 0 . 9 ) ( 3 . 3 ) ( 5 . 8 ) - 9.1
( 16 h) 7 8 . 0 1 1 . 0 - 7 0 . 7 - 7 8 . 5 - 8 3 . 5
( 1 9 . 2 ) ( 8 0 . 8 ) ( 7 9 . 2 ) ( 1 2 . 8 ) ( 8 . 0 ) - 2 0 . 8
( 24 h) 7 8 . 3 1 1 .4 - 7 0 . 8 - 7 7 . 9 - 8 3 . 3 -
( 1 7 . 5 ) ( 8 2 . 5 ) ( 8 0 . 6 ) ( 1 6 . 5 ) ( 2 . 9 ) - 19 .4
( 3  d) 7 7 .6 6 .5 - 7 0 . 7 - 7 8 . 5 - 8 3 . 6 -
( 1 5 . 5 ) ( 8 4 . 5 ) ( 6 9 . 9 ) ( 1 4 . 1 ) ( 1 6 . 0 ) - 30.1
( 7 d) 7 7 . 8 1 0 . 6 - 7 0 . 8 - 7 8 . 6 - 8 3 . 5 -
( 1 3 . 3 ) ( 8 6 . 7 ) ( 6 4 . 5 ) ( 3 0 . 0 ) ( 5 . 5 ) - 3 5 .5
( 28 d) 7 1 . 2 6 . 0 - 7 0 . 8 - 7 8 . 6 - 8 3 . 6 .
( 1 1 . 0 ) ( 8 9 . 0 ) ( 4 1 . 1 ) ( 4 2 . 9 ) ( 1 6 . 0 ) - 5 8 .9
2 8 7
Table 35
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra as  A Function of Time for Hydration of Portland Cement 
with no Extra Added Gypsum Samples.
(Water/Cement = 0.5/1.0)
C u re  T im e A s s i g n m e n t s  % Hydra t ion
27^1 2 9^
Al[4] Al[6 ] QO Q1 Q2 Q3
( 4 h) 7 7 .6 12 .4 - 7 0 . 7 - 7 7 . 7 - 8 3 . 0
( 2 3 . 8 ) ( 7 6 . 2 ) ( 9 2 . 9 ) ( 1 . 5 ) ( 5 . 6 ) - 7.1
( 8  h) 7 8 .2 1 1 .5 - 7 0 . 7 - 7 7 . 7 - 8 3 . 2 .
( 2 4 . 9 ) ( 7 5 . 1 ) ( 9 0 . 0 ) ( 5 . 5 ) ( 4 . 5 ) - 1 0 . 0
( 1 6  h) 7 1 . 2 5.1 - 7 0 . 8 - 7 7 . 6 - 8 3 . 3 .
( 1 4 . 3 ) ( 8 7 . 5 ) ( 8 1 . 3 ) ( 1 2 . 5 ) ( 6 . 2 ) - 1 8 .7
( 24 h) 6 9 . 6 4 .8 - 7 0 . 8 - 7 7 . 5 - 8 3 . 3 -
( 1 7 . 4 ) ( 8 2 . 6 ) ( 7 4 . 6 ) ( 2 0 . 5 ) ( 4 . 9 ) - 2 5 .4
( 3 d) 6 8 . 9 1 . 2 - 7 0 . 8 - 7 7 . 6 - 8 3 . 1 .
( 7 . 6 ) ( 9 2 . 4 ) ( 6 4 . 1 ) ( 2 7 . 4 ) ( 8 . 5 ) - 3 5 . 9
( 7 d) 6 8 . 7 6 .5 - 7 0 . 7 - 7 7 . 6 - 8 3 . 5 - 8 9 . 5
( 4 . 2 ) ( 9 5 . 8 ) ( 5 1 . 3 ) ( 3 6 . 0 ) ( 8 . 6 ) ( 4 . 1 ) 4 8 . 7
( 28 d) 6 5 . 5 6 . 6 - 7 1 . 2 - 7 8 . 5 - 8 3 . 4 - 9 0 . 2
( 1 0 . 2 ) ( 8 9 . 8 ) ( 2 1 . 8 ) ( 5 6 . 1 ) ( 2 1 . 1 ) ( 1 -0 ) 7 8 . 2
2 8 8
Table 36
2 ? ai and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra as  A Function of Time for Hydration of Portland Cement 
with no Extra Added Gypsum Samples Containing 10 % by Weight of As(lll).
(Water/Cement/As(lll) = 0.5/1.0/0.1)
C ure  Time A s s i g n m e n t s  % Hydra t ion
2?A] 29§j
Al[4] Al[6 ] QO Q1 Q2 Q3
( 4 h) 62 .1 1 . 2 - 7 0 . 7 - 7 8 . 2 - 8 4 . 1
( 1 4 . 9 ) ( 8 5 . 1 ) ( 7 6 . 4 ) ( 2 1 . 0 ) ( 2 . 6 ) - 2 3 .6
( 8  h) 6 2 . 6 1.3 - 7 0 . 7 - 7 8 . 2 - 8 4 . 1 -
( 1 4 . 5 ) ( 8 5 . 5 ) ( 6 7 . 3 ) ( 2 7 . 1 ) ( 5 . 6 ) - 3 2 . 7
( 16 h) 64.1 6 . 2 - 7 0 . 7 - 7 8 . 3 - 8 4 . 1 -
( 1 2 . 6 ) ( 8 7 . 4 ) ( 6 9 . 2 ) ( 2 6 . 0 ) ( 4 . 8 ) - 3 0 .8
( 24 h) 6 8 . 2 1 . 2 - 7 0 . 7 - 7 8 . 3 - 8 4 . 2 -
( 1 5 . 7 ) ( 8 4 . 3 ) ( 6 0 . 8 ) ( 3 5 . 2 ) ( 4 . 0 ) - 3 9 .2
( 3 d) 6 6 .3 2 .7 - 7 0 . 8 - 7 8 . 3 - 8 4 . 2 - 9 0 . 1
( 1 8 . 5 ) ( 8 1 . 5 ) ( 4 8 . 9 ) ( 4 4 . 1 ) ( 4 . 8 ) ( 2 . 2 ) 3 5 .9
( 7 d) 6 6 .4 2 . 8 -71 .4 - 7 8 . 4 - 8 4 . 4 - 8 9 . 9
( 1 8 . 7 ) ( 8 1 . 3 ) ( 4 4 . 8 ) ( 4 6 . 6 ) ( 6 -2 ) ( 2 . 4 ) 5 5 .2
( 28 d) 6 6 . 5 2 . 8 - 7 0 . 8 - 7 8 . 4 - 8 4 . 2 - 9 0 . 2
( 1 5 . 0 ) ( 8 5 . 0 ) ( 3 2 . 9 ) ( 5 8 . 0 ) ( 7 . 5 ) ( 1 . 6 ) 67.1
2 8 9
Table 37
27A| and 2 9 Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra as  A Function of Time for Hydration of Portland Cement 
with no Extra Added Gypsum Samples Containing 10 % by Weight of Pb(ll).
(Water/Cement/Pb(ll) = 0.5/1.0/0.1)
C ure  T im e A s s i g n m e n t s  % Hydra t ion
27A1 29&i
Al[4] Al[6 ] qo Q 1 Q2 Q3
( 4 h) 7 7 . 6 1 0 .7 - 7 0 . 8 - 7 9 . 3 - 8 4 . 4
( 3 0 . 3 ) ( 6 9 . 7 ) ( 9 4 . 8 ) ( 3 . 8 ) ( 1 . 4 ) - 5 .2
( 8  h) 7 8 .9 1 1 . 1 - 7 0 . 8 - - .
( 2 8 . 0 ) ( 7 2 . 0 ) ( 1 0 0 . 0 ) - - - 0 . 0
( 16 h) 7 7 .9 8 .7 - 7 0 . 8 - 7 9 . 4 - 8 4 . 3 .
( 2 7 . 9 ) ( 7 2 . 1 ) ( 9 4 . 6 ) ( 3 . 8 ) ( 1 . 6 ) - 5 .4
( 24 h) 7 4 . 2 8 . 2 - 7 0 . 7 - 7 9 . 3 - 8 4 . 3 -
( 1 7 . 1 ) ( 8 2 . 8 ) ( 9 3 . 4 ) ( 5 . 8 ) ( 0 . 8 ) - 6 . 6
( 3 d) 6 2 . 7 7 .9 - 7 0 . 7 - 7 9 . 4 - 8 4 . 4 - 9 0 . 1
( 1 7 . 4 ) ( 8 2 . 6 ) ( 5 3 . 5 ) ( 3 4 . 3 ) ( 1 0 . 4 ) ( 1 . 8 ) 4 6 . 5
( 7  d) 6 2 . 4 7 .3 - 7 0 . 8 - 7 9 . 5 - 8 4 . 4 - 9 0 . 1
( 4 . 3 ) ( 9 5 . 7 ) ( 3 7 . 8 ) ( 4 5 . 8 ) ( 1 0 . 7 ) ( 5 . 7 ) 6 2 .2
( 28 d) 6 1 . 8 7 .5 - 7 0 . 8 - 7 9 . 4 - 8 4 . 3 - 9 0 . 2
( 3 . 8 ) ( 9 6 . 2 ) ( 2 6 . 8 ) ( 5 1 . 4 ) ( 2 0 . 4 ) ( 1 . 4 ) 7 3 .2
2 9 0
Table 38
27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra as  A Function of Time for Hydration of Portland Cement 
with no Extra Added Gypsum Samples Containing 10 % by Weight of Cr(VI).
(Water/Cement/C r( VI) = 0.5/1.0/0.1)
C u re  Time A s s i g n m e n t s  % Hydra t ion
27AJ 29Si
Al[4] Al[6 ] QO Q1 Q2 Q3
( 4 h) 7 7 . 9 1 . 2 - 7 1 . 3 - 7 8 . 4 - 8 4 . 3
( 3 2 . 1 ) (67 .9 . ) ( 9 4 . 1 ) ( 3 . 8 ) ( 2 . 1 ) - 5 .9
( 8  h) 7 7 . 8 5 .7 - 7 1 . 3 - 7 8 . 3 - 8 4 . 2 -
( 2 5 . 0 ) ( 7 5 . 0 ) ( 8 9 . 1 ) ( 1 . 1 ) ( 9 . 8 ) - 10 .9
( 16 h) 7 1 . 4 4 .3 -71 .3 - 7 8 . 3 - 8 4 . 3 - 9 0 . 2
( 1 1 . 3 ) ( 8 8 . 7 ) ( 7 6 . 9 ) ( 1 6 . 7 ) ( 3 . 9 ) ( 2 . 5 ) 23.1
( 24 h) 7 7 .8 5 .7 - 7 1 . 4 - 7 8 . 4 - 8 4 . 3 -
( 1 5 . 2 ) ( 8 4 . 8 ) ( 7 1 . 7 ) ( 2 0 . 9 ) ( 7 . 4 ) - 2 8 .3
( 3 d) 7 5 . 9 1 1 .4 - 7 1 . 3 - 7 8 . 3 - 8 4 . 4 - 9 0 . 2
( 1 6 . 2 ) ( 8 3 . 8 ) ( 6 0 . 2 ) ( 1 6 . 9 ) ( 1 0 . 9 ) ( 1 2 . 0 ) 3 9 . 8
( 7  d) 7 5 . 4 5 .6 - 7 1 . 3 - 7 8 . 3 - 8 4 . 3 -
( 5 . 6 ) ( 9 4 . 4 ) ( 5 6 . 5 ) ( 3 8 . 2 ) ( 5 . 3 ) - 4 3 . 5
( 28 d) 5 4 . 3 5 .6 -71 .3 - 7 8 . 4 - 8 4 . 3 - 9 0 . 1
( 5 . 0 ) ( 9 5 . 0 ) ( 4 0 . 2 ) ( 4 3 . 0 ) ( 1 6 . 2 ) ( 0 . 6 ) 5 9 . 8
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Table 39
27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses) for Spectra for 28 d Cured Different Cements Containing 10 % by 
Weight of Each, As(lll), Cr(VI) and Pb(ll).
(Water/Cement/Inorganic = 0.5/1.0/0.1)
Cement A ssignm ents  % Hydration
27^1 2 9 s i
Al[4] Al[6 ] qo Q1 Q2 Q3
( OPC) 7 7 . 3 9 .8 - 7 0 . 8 - 7 8 . 0 - 8 3 . 1
( 7 . 5 ) ( 9 2 . 5 ) ( 7 1 . 7 ) ( 2 2 . 0 ) ( 6 . 3 ) - 2 8 .3
(OPC + FA) 5 6 . 2 6 . 2 - 7 0 . 0 - 8 0 . 6 - 8 3 . 9 -
( 1 : 1 ) ( 1 9 . 7 ) ( 8 0 . 3 ) ( 6 5 . 7 ) ( 2 0 . 1 ) ( 1 4 . 2 ) - 3 4 .3
( W h i t e ) 6 9 .2 7 .9 - 7 0 . 5 - 7 7 . 8 - 8 3 . 9 -
( 3 . 1 ) ( 9 6 . 9 ) ( 7 0 . 6 ) ( 2 0 . 5 ) ( 8 . 9 ) - 2 9 .4
(PC, no Gypsum)
inCOCO 9 .6 - 7 0 . 8 - 7 8 . 0 - 8 4 . 1 -
( 1 1 . 0 ) ( 8 9 . 0 ) ( 7 6 . 8 ) ( 1 4 . 4 ) ( 8 . 8 ) - 23 .2
(Type 1 A) 6 7 . 8 8 .7 -71 .3 - 7 8 . 0 - 8 4 . 1 -
( 3 6 . 9 ) ( 6 3 . 1 ) ( 7 9 . 4 ) ( 1 2 . 6 ) ( 8 . 0 ) - 2 0 . 6
(OPC + S i0 2 ) 6 9 .4 9.1 - 7 0 . 8 - 7 8 . 0 - 8 4 . 2 -
( 1 0 : 1 ) ( 4 . 0 ) ( 9 6 . 0 ) ( 2 6 . 5 ) ( 5 9 . 0 ) ( 1 4 . 5 ) - 7 3 .5
( P y r a m e n t ) 6 2 . 7 6 .3 - 7 0 . 8 - 7 8 . 6 - 8 3 . 1 -
( 1 5 . 5 ) ( 8 4 . 5 ) ( 6 6 . 4 ) ( 1 5 . 2 ) ( 1 8 . 4 ) - 3 3 .6
( R e f c o n ) 7 4 .2 1 . 2 -71 .0 - - -
( 1 4 . 0 ) ( 8 6 . 0 ) ( 1 0 0 . 0 ) - - 0 . 0
2 9 2
Table 40
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses) for Spectra for 28 d Cured Pyrament Cement Samples Containing 
10% by Weight of (a)  Pyrament Cement Alone; (b) As(lll); (c)  Cr(VI); and 
(d )  Pb(ll).
(Water/Cement/Inorganic = 0.5/1.0/0.1)
Sample No. Assignments % Hydration
2 7 £ 1  2 9 ^
Al[4] Al[6 ] Q0 Q 1 Q2  q 3
( a )  6 1 . 8  7 .5
( 9 . 5 )  ( 9 0 . 5 )
( b )  6 6 . 5  5 .6
( 2 5 . 6 )  ( 7 4 . 4 )
( C )  6 0 . 8  9.4
( 7 . 3 )  ( 9 2 . 7 )
( d )  5 9 . 9  7 .5
( 4 . 4 )  ( 9 5 . 6 7 )
- 7 0 . 8  - 7 8 . 9  - 8 3 . 4
( 2 9 . 2 )  ( 5 5 . 0 )  ( 1 5 . 8 )
- 7 0 . 8  - 7 8 . 8  - 8 3 . 4
( 2 0 . 4 )  ( 5 6 . 1 )  ( 1 4 . 5 )
- 7 0 . 7  - 7 8 . 9  - 8 2 . 1
( 2 5 . 2 )  ( 5 8 . 1 )  ( 1 6 . 7 )
- 7 0 . 9  - 7 9 . 6  - 8 3 . 4
( 5 4 . 3 )  ( 3 8 . 8 )  ( 6 . 9 )
70 .8
- 9 0 . 9
( 9 . 0 )  7 9 .6




27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra for 28 d Cured Portland Cement Type 1 Samples : (a) 
Deionized Water Leached; (b) TCLP Leached; (c) pH 5.0 Buffer Leached; and (d) 
Unleached.
(Water/Cement = 0.5/1.0)
S a m p le  No.
27&1 
Al[4] Al[6 ]
( a )  5 9 . 0  4 . 6 7
( 8 . 6 ) ( 9 1 . 4 )
( b )  5 4 . 3  13.1
( 1 4 . 6 )  ( 8 5 . 4 )
( c )  4 9 . 6  3 .7
( 8 6 . 2 )  ( 1 3 . 8 )
( d )  5 8 . 9  5 .6
( 3 . 0 )  ( 9 7 . 0 )
A s s i g n m e n t s
2 9 &
Q0 Q 1 Q2
- 7 1 . 3  - 7 9 . 7  - 8 4 . 2
( 1 2 . 8 )  ( 3 0 . 5 )  ( 5 6 . 7 )
- 7 1 . 3  - 8 1 . 9  - 8 4 . 7
( 9 . 5 )  ( 4 9 . 3 )  ( 2 9 . 2 )
- 7 0 . 8  - 7 8 . 6  - 8 3 . 6
( 2 7 . 5 )  ( 4 8 . 6 )  ( 2 3 . 9 )
% Hydra t ion
Q3 Q4
8 7 .2
- 8 9 . 2
( 1 2 . 0 )  - 9 0 .5
- 102.0




27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Paren theses)  for Spec tra for 7 d Cured Portland Cement  Type 1 Samples  
Containing 1 0 % by Weight of: (a) Phenol; (b) pBP; (c) pCP; and (d) OPC 
Alone.
(Water/Cement/Organic = 0.5/1.0/0.1)
S a m p le  No. A s s i g n m e n t s  % H ydra t ion
2 7 A1 2 9 £ i
Al[4] Al[6 ] Q°  Q 1 Q2  Q3  Q4
( a )  76.1 9 .8  - 7 0 . 8  - 7 9 . 1  - 8 4 . 1
( 3 . 9 )  ( 9 6 . 1 )  ( 7 8 . 8 )  ( 7 . 3 )  ( 1 3 . 9 )  - - 2 1 .2
( b )  7 0 . 2  5.1 - 7 0 . 8  - 7 9 . 2  - 8 4 . 1  - 9 0 . 1
( 2 . 1 )  ( 9 7 . 9 )  ( 5 5 . 3 )  ( 3 1 . 0 )  ( 9 . 8 )  ( 3 . 9 )  - 4 4 .7
( C )  6 0 . 4  3 .9  - 7 0 . 7  - 7 9 . 1  - 8 4 . 2
( 2 . 9 )  ( 9 7 . 1  ) ( 6 0 . 4 )  ( 2 6 . 0 )  ( 1 3 . 6 )  - - 3 9 .6
( d )  62.1 3.1 - 7 0 . 8  - 8 0 . 0  - 8 4 . 0
( 3 . 4 )  ( 9 6 . 6 )  ( 3 8 . 2 )  ( 4 5 . 7 )  ( 1 6 .1  ) - - 6 1 .8
2 9 5
Table 43
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra  for 28 d Cured Portland Cement Type 1 Samples  
Containing 10% by Weight of: (a) Phenol; (b) Phenol + Pb(NC>3 )2 ; (c) Phenol 
+ Cd(NC>3 )2 ; (d) Ethylene Glycol; and (e) OPC Alone.
(Water/Cement/Organic/Inorganic = 0.5/1.0/0.1/0.1)
S a m p le  No.
2 7 ^ ]
Al[4] A![S]
( a )  6 8 . 3  8.4
( 3 . 3 )  ( 9 6 . 7 )
( b )  8 0 . 5  1 1 .2
( 1 2 . 1 )  ( 8 7 . 9 )
( c )  - 8 .4 2
( 1 0 0 . 0 )
( d )  6 8 . 4  8 .4
( 3 . 8 )  ( 9 6 . 4 )
( e )  5 8 . 9  5 .6
( 3 . 0 )  ( 9 7 . 0 )
A s s i g n m e n t s
29£1
Q° Q 1 Q2
- 7 0 . 8  - 7 1 . 1  - 8 4 . 2
( 5 8 . 3 )  ( 1 7 . 7 )  ( 2 4 . 0 )
- 7 0 . 8
( 1 0 0 . 0 )
- 7 1 . 3  - 7 8 . 6  - 8 4 . 7
( 2 6 . 2 )  ( 3 2 . 1 )  ( 4 1 . 7 )
- 7 0 . 8  - 7 9 . 7  - 8 2 . 5
( 4 2 . 2 )  ( 2 1 . 7 )  ( 3 8 . 1 )
- 7 0 . 8  - 7 8 . 6  - 8 3 . 6
( 2 7 . 5 )  ( 4 8 . 6 )  ( 2 3 . 9 )
% Hydra t ion
Q3 q 4




7 2 . 5
2 9 6
Table 44
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra After TCLP Leaching of 28 d Cured Portland Cement Type 
1 Samples  Containing 10% by Weight of: (a) Phenol; (b) Phenol + Pb(N0 3 )2 ;
(c) Phenol + Cd(N0 3 )2 ; (d) Ethylene Glycol; and (e) OPC Alone.
(Water/Cement/Organic/Inorganic = 0.5/1.0/0.1/0.1)
S a m p l e  No. A s s i g n m e n t s
27A1 29£ i
Al[4] Al[6 ] Q0 Q 1 Q2  Q2  Q4
( a )  58 .1  6 . 6  - 7 1 . 3  - 7 9 . 7  - 8 4 . 2  - 9 2 . 1
( 6 . 0 )  ( 9 4 . 0 )  ' ( 1 3 . 6 )  ( 4 6 . 8 )  ( 3 3 . 1 )  ( 6 . 5 )
( b )  5 8 . 9  4 . 7  - 7 1 . 1  - 7 9 . 5  - 8 4 . 5
( 5 . 3 )  ( 9 4 . 7 )  ( 2 4 . 4 )  ( 3 0 . 1 )  ( 4 5 . 5 )
( C )  - 8 .4  - 7 1 . 9  - 7 9 . 7  - 8 4 . 7  - 9 2 . 0
(1 0 0 . 0 )  ( 1 2 . 3 )  ( 3 2 . 0 )  ( 4 8 . 2 )  ( 7 . 5 )
( d )  6 1 . 8  3 . 7  - 7 1 . 3  - 7 9 . 1  - 8 3 . 6  - 9 2 . 2
( 7 . 8 )  ( 9 2 . 2 )  ( 1 2 . 3 )  ( 4 7 . 6 )  ( 3 5 . 1  ) ( 5 . 0 )
( e )  5 4 . 3  13.1 - 7 1 . 3  - 8 1 . 9  - 8 4 . 7  - 8 9 . 2
( 1 4 . 6 )  ( 8 5 . 4 )  ( 9 . 5 )  ( 4 9 . 3 )  ( 2 9 . 2 )  ( 1 2 . 0 )
2 9 7
Table 45
2 7 Al MAS NMR Chemical Shifts (ppm) and  Assignments (Relative Area % in 
Parentheses)  for Spectra  After pH 5.0 Buffer Leaching of 28 d Cured Portland 
Cement Type 1 Samples Containing 10% by Weight of: (a) Phenol; (b) Phenol + 
Pb(N 0 3 )2 ‘, (c) Phenol + Cd(NC>3 )2 ; (d) Ethylene Glycol; and (e) OPC Alone. 
(Water/Cement/Organic/Inorganic = 0.5/1.0/0.1/0.1)
S a m p l e  No. A s s i g n m e n t s
27Ai
AI [4 ] Al [6 ]
( a )  4 9 . 6  - 0 . 9
( 8 1 . 3 )  ( 1 8 . 7 )
( b )  4 6 . 8  4 .7
( 8 6 . 1 )  ( 1 3 . 9 )
( c )  4 9 . 6  0 .9
( 8 2 . 0 )  ( 1 8 . 0 )
( d )  4 9 . 6  3 .7
( 8 7 . 8 )  ( 1 2 . 2 )
( e )  4 9 . 6  3 . 7
( 8 6 . 2 )  ( 1 3 . 8 )
Table 45 A
2 9 8
TCLP and pH 5.0 Buffer Leachate Concentrations (mg/L) from 28 Days Cured Portland 
Type 1 Cement with Organic (Phenol, Ethylene Glycol) and Inorganic Wastes Added
Together.
(Water/Cement/Organic/Inorganic = 0.5/1.0/0.1/0.1)
W a s te s C o n c e n t ra t i o n  (mg/L) of O rgan ic / Inorgan ic  in Leacha te





P h e n o l  + 
P b ( N 0 3 ) 2




P h e n o l  + 
C d ( N 0 3 ) 2




E th y le n e  Glycol  (EG) 4660 (EG) 5000 (EG)
2 9 9
Table 46
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Paren theses)  for Spectra for 28 d Cured Portland Cement  Type 1 Samples 
Containing 10% by Weight of: (a) pBP; (b)  pBP + Sodium Silicate; (c) pBP + 
P b ( N 0 3 )2 ; (d)  pBP + Pb(OH)2 ; (e) pBP + C d ( N 0 3 )2 ; (f) pBP +Cd(OH)2 ; 
and (g) OPC Alone.
(Water/Cement/Organic/Inorganic = 0.5/1.0/0.1/0.1)
S a m p le  No. A s s i g n m e n t s  % Hydra t ion
27A1 2 9 a i
Al[4] Al[6 ] Q° Q 1 Q2 Q3
( a ) 6 2 .3 6 . 6 - 7 0 . 8 - 7 8 . 6 - 8 4 . 2 - 8 9 . 2
( 3 . 0 ) ( 9 7 . 0 ) ( 2 8 . 1 ) ( 4 6 . 3 ) ( 2 3 . 4 ) ( 2 . 2 )
( b ) 6 6 .5 6 . 6 -71  .3 - 7 8 . 6 - 8 3 . 6 -
( 4 . 1 ) ( 9 5 . 9 ) ( 3 3 . 3 ) ( 4 2 . 4 ) ( 2 4 . 3 ) -
( c ) 66 .5 6 . 6 - 7 0 . 8 - 7 8 . 6 - 8 4 . 7 -
( 7 . 8 ) ( 9 2 . 2 ) ( 2 7 . 2 ) ( 4 2 . 5 ) ( 3 0 . 3 ) -
( d ) 8 1 .5 14 .9 - 7 1 . 5 - - -
( 2 8 . 3 ) ( 7 1 . 7 ) (1 0 0 . 0 ) - - -
( e ) - 6 . 6 - 7 0 . 8 - 7 8 . 6 - 8 4 . 7 - 9 0 . 3
( 1 0 0 . 0 ) ( 1 5 . 7 ) ( 4 0 . 8 ) ( 3 8 . 7 ) ( 4 . 8 )
( f ) 6 8 .3 8.4 - 7 1 . 3 - 7 8 . 6 - 8 4 . 2 - 9 0 . 8
( 3 . 3 ) ( 9 6 . 7 ) ( 1 9 . 0 ) ( 4 8 . 9 ) ( 2 6 . 6 ) ( 5 . 5 )
( 9 ) 5 8 .9 5 .6 - 7 0 . 8 - 7 8 . 6 - 8 3 . 6 -








7 2 . 5
3 0 0
Table 47
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra After TCLP Leaching of 28 d Cured Portland Cement Type 
1 Samples  Containing 10% by Weight of: (a) pBP; (b) pBP + Sodium Silicate:
(c)  pBP + P b (N 0 3 )2 : (d)  pBP + Pb(OH)2 : (e) pBP + C d ( N 0 3 )2 ; (f) pBP 
+Cd(OH)2 ; and (g) OPC Alone.
(Water/Cement/Organic/Inorganic = 0.5/1.0/0.1/0.1)
S a m p le  No.
27^1
Al[4] Al[6 ] QO
( a ) 5 9 . 0 5 .6 - 7 1 . 3
( 9 . 2 ) ( 9 0 . 8 ) ( 9 . 4 )
( b) 5 9 .9 8.4 - 7 0 . 8
( 1 0 . 4 ) ( 8 9 . 6 ) ( 1 9 . 3 )
( c ) 5 9 . 0 6.5 -71  .3
( 8 . 2 ) ( 9 1 . 8 ) ( 1 0 . 4 )
(d) 5 8 . 0 4 .7 - 7 1 . 1
( 1 0 . 7 ) ( 8 9 . 3 ) ( 2 3 . 0 )
( e ) . 9.4 - 7 1 . 3
- ( 1 0 0 . 0 ) ( 8 . 5 )
( f ) 57.1 6 . 0 - 7 1 . 1
( 1 0 . 5 ) ( 8 9 . 5 ) ( 4 . 8 )
( g) 5 4 . 3 13.1 - 7 1 . 3
( 1 4 . 6 ) ( 8 5 . 4 ) ( 9 . 5 )
A s s i g n m e n t s
2 9 &
Q 1 Q2  Q3 q 4
- 7 9 .7 - 8 4 . 2 - 9 0 . 0
(4 6 ■ 5) ( 3 7 . 1 ) (7 . 0 )
- 8 0 .3 - 8 4 . 2 -
(5 3 • 0 ) ( 2 7 . 7 )
-8 0 , . 8 - 8 4 . 7 -9 0 , . 0
(31 ■1 ) ( 4 9 . 3 ) (9 •2 )
- 8 0 . . 0 - 8 4 . 5 - 9 0 , .1
(2 9 •7) ( 4 2 . 4 ) (4 .9)
-7 8 . , 6 - 8 4 . 2 - 9 0 . . 2
( 3 0 ■2 ) ( 5 6 . 6 ) ( 6 ,•7)
- 8 0 . 0 - 8 3 . 9 - 8 9 . 9
(4 4 . 8 ) ( 3 8 . 7 ) ( 1 1 . 7)
-81 . 9 - 8 4 . 7 - 8 9 . 2
(4 9 . 3) ( 2 9 . 2 ) ( 1 2 . 0 )
301
Table 48
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Portland Cement Type 1 S a m p l e s  Containing 10% by Weight of 
Pb(OH )2  + p B P :  (a) After TCLP Leaching of 4 m Cured; (b) Unleached 4 m Cured 
; a n d  ( c )  U n l e a c h e d  2 8  d  C u r e d .
(Water/Cement/Organic/Inorganic = 0.5/1.0 /0 .1/0 .1 )
Sample No. A ssign m en ts  % Hydration
2 7 ^  2 9 ^
Al[4] Al[6 ] Q0 Q1 Q2  Q3  Q4
( a )  59 .1  6 .5  - 7 1 . 1  - 7 9 . 9  - 8 3 . 9  - 9 0 . 2
( 8 . 2 )  ( 9 1 . 8 )  ( 2 4 . 3 )  ( 3 3 . 4 )  ( 3 6 . 7 )  ( 5 . 6 )
( b )  6 0 . 2  6 .2  - 7 1 . 2  - 7 8 . 9  - 8 4 . 1  - 8 9 . 8
( 4 . 4 )  ( 9 5 . 6 )  ( 2 2 . 1 )  ( 4 9 . 9 )  ( 2 4 . 2 )  ( 3 . 8 )  7 7 .9
( C )  7 4 . 9  1 2 .2  - 7 1 . 5
( 2 8 . 1 )  ( 7 1 . 9 )  (1 0 0 . 0 )  - - - - 0 .0
3 0 2
Table 48 A
TCLP and pH 5.0 Buffer Leachate Concentrations (mg/L) from 28 Days Cured Portland 
Type 1 Cement with Organic (pBP) and Inorganic Wastes Added Together. 
(Water/Cement/Organic/Inorganic = 0.5/1.0/0.1/0.1)








4520  (pBP) 
4660  (pBP)
pBP + 
P b ( N 0 3 )2
3350 (pBP) 
65 (Pb)
4510  (pBP) 
3920  (Pb)
pBP + 
P b ( O H ) 2
4730 (pBP) 
25 (Pb)
4380  (pBP) 
3490  (Pb)
pBP +
P b ( O H )2 (4 m Old)
3140  (pBP) 
30 (Pb)
pBP + 
C d ( N 0 3 )2
3040 (pBP) 
0.3 (Cd)




2300  (pBP) 
0.5 (Cd)




2 ? ai and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra  for 28 d Cured Portland Cement Type 1 Samples 
Containing 10% by Weight of: (a)  OPC alone; (b)  As(lll); (c )  As(V); (d )
Cr(lll); ( e )  Cr(VI); and (f) Pb(ll).
(Water/Cement/Inorganic = 0.5/1.0/0.1)
S a m p le  No. A s s i g n m e n t s  % Hydra t ion
2 7 M  
Al[4] Al[6 ] Q0 Q 1
2 9 &
Q2 Q3
( a ) 5 8 . 9 5 .6 - 7 0 . 8 - 7 8 . 6 - 8 3 . 6 _
( 3 . 0 ) ( 9 7 . 0 ) ( 2 7 . 5 ) ( 4 8 . 6 ) ( 2 3 . 9 ) - -
( b ) 6 6 .5 7 .5 - 7 0 . 8 - 7 8 . 0 - 8 3 . 6 - -
( 6 . 6 ) ( 9 3 . 4 ) ( 3 6 . 3 ) ( 5 0 . 8 ) ( 1 2 . 9 ) - -
( c ) 6 4 .6 7 .5 - 7 0 . 8 - 7 8 . 0 - 8 3 . 6 - -
( 7 . 9 ) ( 9 2 . 1 ) ( 3 8 . 4 ) ( 4 6 . 0 ) ( 1 5 . 6 ) - -
( d ) - 10 .3 - 7 0 . 8 - 7 8 . 0 - 8 3 . 1 - -
( 1 0 0 . 0 ) ( 6 5 . 3 ) ( 1 5 . 9 ) ( 1 8 . 7 ) - -
( e ) 6 4 .6 8 .4 - 7 0 . 8 - 7 8 . 0 - 8 2 . 5 - -
( 6 . 1 ) ( 9 3 . 9 ) ( 4 7 . 2 ) ( 3 9 . 1 ) ( 1 3 . 7 ) - -
( f ) 58.1 7 .5 - 7 0 . 8 - 7 8 . 6 - 8 4 . 2 - -
( 2 . 7 ) ( 9 7 . 3 ) ( 3 1 . 4 ) ( 4 4 . 0 ) ( 2 4 . 6 ) - -
7 2 . 5
6 3 . 7
61 .6





27A| and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra After TCLP Leaching of 28 d Cured Portland Cement Type 
1 Samples Containing 10% by Weight of: (a) OPC alone; (b) As(lll); (c) As(V);
(d )  Cr(lll); (e )  Cr(VI); and  (f) Pb(ll).
(Water/Cement/Inorganic = 0.5/1.0/0.1)






( f )  57 .1  5 .6
( 6 . 9 )  ( 9 3 . 1 )
( 9 . 5 )  ( 4 9 . 3 )  ( 2 9 . 2 )
- 7 1 . 3  - 7 8 . 6  - 8 4 . 2
( 1 2 . 8 )  ( 6 1 . 6 )  ( 2 5 . 6 )
- 7 0 . 8  - 7 9 . 1  - 8 4 . 2
( 1 7 . 1 )  ( 4 4 . 1 )  ( 1 9 . 9 )
- 7 0 . 8  - 7 9 . 7  - 8 4 . 7
( 1 2 . 8 )  ( 2 6 . 3 )  ( 5 0 . 7 )
- 7 1 . 3  - 7 8 . 6  - 8 4 . 2
( 1 4 . 6 )  ( 5 1 . 7 )  ( 2 8 . 0 )
- 7 1 . 4  - 8 1 . 9  - 8 3 . 6
( 2 7 . 9 )  ( 3 6 . 7 )  ( 3 5 . 4 )
( 1 2 . 0 )  - 9 0 .5
8 7 .2
- 9 0 . 1
( 1 8 . 9 )  - 8 2 .9
- 9 0 . 1
( 1 0 . 2 )  - 8 7 .2
- 8 9 . 9  
( 5 . 7 )  - 8 5 .4
72.1
A s s i g n m e n t s  % Hydra t ion
27A1 29Si
Al[4] Al[6 ] Q°  Q 1 Q2  Q3  Q4
5 4 . 3  13.1 - 7 1 . 3  - 8 1 . 9  - 8 4 . 7  - 8 9 . 2
( 1 4 . 6 )  ( 8 5 . 4 )
5 9 .9  5 .6
( 1 0 . 5 )  ( 8 9 . 5 )
5 6 . 2  8 .4  
( 2 . 1 )  ( 9 7 . 9 )
5 5 . 2  5 .6
( 5 . 9 )  ( 9 4 . 1 )
5 3 . 4  4 . 7
( 9 . 9 )  ( 9 0 . 1 )
3 0 5
Table 51
27AI and 29Si MAS NMR Chemical Shifts (ppm) and Assignments (Relative Area % 
in Parentheses)  for Spectra After pH 5.0 Buffer Leaching of 28 d Cured Portland 
Cement Type 1 Samples Containing 10% by Weight of: (a) OPC alone; (b) As(lll);
(c )  As(V); (d )  Cr(lll); ( e )  Cr(VI); and (f) Pb(ll).
(Water/Cement/Inorganic = 0.5/1.0/0.1)
S a m p l e  No. A s s i g n m e n t s
2 7 ^  2 9 ^
Al[4] Al[6 ] Q° Q 1 Q2  q 3 q 4
( a )  4 7 . 8  - 9 . 4  . . . .  - 1 0 1 . 5
( 7 7 . 2 )  ( 2 2 . 8 )  . . . .  ( 1 0 0 . 0 )
( b)  4 9 . 6  1.9 - - - 1 0 1 . 9
( 8 7 . 7 )  ( 1 2 . 3 )  . . .  . ( 1 0 0 . 0 )
( C )  4 9 . 6  - 9 . 4  . . . .  - 1 0 1 . 4
( 7 2 . 7 )  ( 2 7 . 3 )  . . . .  ( 1 0 0 . 0 )
( d )  4 7 . 8  0 .9 3  . . . .  - 1 0 2 . 0
( 8 2 . 8 )  (1 7 . 2 )  . . . .  ( 1 0 0 . 0 )
( e )  4 9 . 6  - 1 . 9  . . . .  - 1 0 1 . 0
( 8 1 . 5 )  ( 1 8 . 5 )  . . .  - ( 1 0 1 . 0 )
( f )  5 0 . 6  - 1 . 5
( 9 0 . 6 ) ( 9 . 4 )
-101  .1
( 1 0 0 . 0 )
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